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Abstract
This study investigated the use of sweet potatoes (Ipomoea batatas) as a basic component to
develop a medium for cultivation of lactic acid bacteria (LAB). Extract from baked sweet
potatoes was used to form a sweet potato medium (SPM). SPM was supplemented with 4 g/L of
each nitrogen source (beef extract, yeast extract, and proteose peptone #3). Lactobacilli MRS
was used as a control medium. Ten LAB strains were used to determine the suitability of SPM
serving the growth of LAB. Our results showed no significant (p < 0.05) differences in the
optical density, maximum speciﬁc growth rates, and bacterial populations between MRS and
SPM. SPM also maintained higher pH values throughout the incubation period compared to that
in MRS. The cost of SPM was 47% less than the cost of MRS. Further step was taken to
determine the suitability of SPM serving LAB enzymatic activity. LAB strains growing in SPM
showed relatively higher β-glucosidases, acid phosphatase, and phytase activities and lower α–
glucosidase compared to that in MRS. Strains of L. reuteri showed the highest enzymatic
activities of α–glucosidase, acid phosphatase, and phytase whereas L. delbrueckii subsp.
bulgaricus showed the highest β-glucosidases activity. Thus the enzymatic activity of L. reuteri
growing in SPM was enhanced using six different metal ions. The response of L. reuteri strains
to metal ions was found to be strain dependent. The addition of Mg2+ and Mn2+ followed by the
addition of Ca2+ showed the highest enhancement effect on all tested enzymes. These findings
indicated that SPM is a suitable medium serving the growth and bioactivities of LAB and thus
could be used as an alternative low cost medium.
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CHAPTER 1
Introduction
Lactic acid bacteria (LAB) are among the most important groups of bacteria in applied
microbiology. LAB are associated with a wide variety of food and feed fermentation. They are
generally recognized as safe (GRAS) and well known as beneficial microorganisms. The fast
growing characteristics of LAB is associated with the ability to produce many beneficial
compounds such as organic acids and antimicrobial compounds, unique enzymes, and functional
compounds (Bringel, 1998; Schroeter & Klaenhammer, 2009; Von Wright & Axelsson, 2011).
These unique characteristics have been employed in many areas including the food industry,
animal feed, and human health. LAB are well known for their fastidious nutritional requirements
with wide range of required nutrients and growth factors (Bringel, 1998; Desmazeaud, 1983;
Marshall & Law, 1984; Pritchard & Coolbear, 1993; Terzaghi & Sandine, 1975; Tripuraneni,
2008). The nutritional requirements of LAB need to be addressed for successful research and
industrial application. In addition, consideration must be given the variations in the nutritional
requirements of LAB that can occur among species and even strains in the same specie (Carr,
1958; Snell, 1989; Vera Pingitore, Hebert, Sesma, & Nader-Macias, 2009) which are also of
great concern in LAB research and applications.
Different media are available for LAB; however, the existing media are usually high in
price and require several technical steps to achieve high cell density and desirable functionality
(Burns, Vinderola, Molinari, & Reinheimer, 2008; Ibrahim et al., 2010; Kurbanoglu, 2004). The
most common standard laboratory media for LAB are deMan-Rogosa-Sharpe (MRS) and M17.
MRS was developed to support the growth of Lactobacillus (de Man, Rogosa, & Sharpe, 1960)
and M17 was developed to support Streptococcus growth (Terzaghi & Sandine, 1975). MRS and
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M17 are known for showing constant support for LAB growth. Such media, MRS and M17,
contain complex nitrogen supplementations that are documented to be convenient for LAB
growth (de Man et al., 1960; Terzaghi & Sandine, 1975). However, the use of MRS and M17 is
mainly limited to academic purposes owing to their high cost. Therefore, alternative media with
lower cost and higher cell density holds high interest for research and industrial purposes
(Aguirre, Garro, & Savoy de Giori, 2008; Altaf, Naveena, & Reddy, 2007; B. Djeghri-Hocine,
M. Boukhemis, M. N. Zidoune, & A. Amrane, 2007; Zhang, Mills, & Block, 2009).
Sweet potatoes (Ipomoea batatas (L.) Lam.) (Batatas an Arawak name) are rich with
many nutrients and several useful components (Karna et al., 2011; Mateljan, 2007; Padmaja,
2009; Yamakawa & Yoshimoto, 2001) that could support the growth of LAB. Starch is the main
ingredient in sweet potatoes constituting 65–70% of dry weight (Padmaja, 2009). In addition,
these starchy roots are excellent source of vitamins such as A and C, minerals such as iron and
potassium, and fiber (Padmaja, 2009). Sweet potato is an abundant agricultural product in the
state of North Carolina showing growing production during the last 10 years (Stoddard, Smith,
Shankle, & Schultheis, 2009; USDA, 2012b). Therefore, the use of sweet potato to develop a
new laboratory media for LAB may provide a low cost alternative LAB medium and may also
open new applications for the use of sweet potato in the state of North Carolina and the United
States.
1.1 Objectives
The overall goal of this project is to develop a new medium for LAB using sweet
potatoes as basic component. This medium could provide an alternative low cost medium that
could be further applied in the food industry and microbiology laboratories. Thus this study
includes three objectives:
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1. To develop a medium for the cultivation of LAB using sweet potatoes as the basic
component. In addition to the sweet potato, the medium will be supplemented with other
components required for LAB growth.
2. To study the impact of the developed medium on the enzymatic activity of LAB
including α-glucosidase, β-glucosidase, acid phosphatase, and phytase.
3. To investigate the effect of different metal ions including Ca+, Na+, K+, Fe2+, Mg2+, and
Mn2+ on the enzymatic activities and growth of LAB in the developed medium. In this
objective the effect of metal ions on α-glucosidase, β-glucosidase, acid phosphatase, and
phytase will be investigated.
This project will use an agricultural product for the growth and metabolic activity of
LAB. The potential results will be used in developing a new approach for the application of LAB
and creating new projects and programs in this area. The results of this study could offer a
potential for using agricultural products, food byproducts, and agricultural wastes in a pilot
projects as well as on an industrial scale which could benefit the food and agriculture industries
in North Carolina specifically and the United States in general. All experiments will be
replicated in a randomized block design.
1.2 Organization of Dissertation
Chapter 1 of this dissertation presents a literature review that mainly deals with LAB in
general. Chapter 2 includes the nutritional requirements and growth media of LAB and
introduces sweet potatoes as an alternative that can be used to develop a new medium. Chapter 3
discusses the enzymatic activities of LAB including α-glucosidase, β-glucosidase, acid
phosphatase, and phytase. Chapter 4 details the development of a new medium for the cultivation
of LAB using sweet potatoes as a basic component. Chapter 5 evaluates the impact of the
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developed sweet potato medium on the enzymatic activities of LAB including α-glucosidase, βglucosidase, acid phosphatase, and phytase. Chapter 7 investigates the effect of different metal
ions on the enzymatic activities of LAB including α-glucosidase, β-glucosidase, acid
phosphatase, and phytase.
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CHAPTER 2
Lactic Acid Bacteria
LAB have been used unintentionally in food fermentations since the ancient times. LAB
were first isolated from milk and have since been intentionally used in fermented food products
such as meat, milk, vegetables, beverages, and bakery products. LAB are widely distributed in
soil, water, manure, sewage, humans, plants, and animals (Holzapfel, Haberer, Geisen,
Björkroth, & Schillinger, 2001; Mitsuoka, 1978; Von Wright & Axelsson, 2011). During the last
century, many new applications of LAB in food and agriculture have been developed. The use of
LAB in food fermentations is based on the rapid conversion of carbohydrates into mainly lactic
acid and also other organics acids and beneficial compounds (Von Wright & Axelsson, 2011).
LAB also contribute to human health such as strengthening the immune system, preventing colon
cancer, lowering blood pressure, and reducing inflammation. Recently, the health benefits and
probiotic properties of LAB have become well known among consumers. They are huge group
of bacteria with which humans have particularly developed an intimate relationship. Thus, LAB
are the most important and beneficial bacteria with regard to human, animal, and plants.
2.1 Taxonomy of Lactic Acid Bacteria
At the beginning of the 20th century, LAB were referred to as milk souring organisms. As
other bacteria producing lactic acid were observed, Orla-Jensen (1919) developed the basis for
the classification of LAB. Orla-Jensen’s criteria were based on sugar fermentation, cellular
morphology, temperature range of growth, and sugar utilization patterns. Four genera of LAB
were originally recognized by Orla-Jensen including Lactobacillus, Leuconostoc, Pediococcus,
and Streptococcus ((Orla-Jensen, 1919). These four LAB genera were mainly recognized for
fermenting sugars into energy and lactic acid. Currently, LAB have become broadly defined as a
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large group of related bacteria with similar properties in addition to converting carbohydrates to
lactic acid. However, Orla-Jensen’s classifications have maintained the basic for LAB
classification.
The current classifications of LAB are based on morphology, glucose fermentation mode,
growth temperatures (15 to 45°C), behavior against oxygen (anaerobic or microaerophilic), type
of lactic acid produced, ability to grow at high salt concentrations (6.5% NaCl), and tolerance
ability to acid, alkaline, or ethanol (Axelsson, 2004; Von Wright & Axelsson, 2011). Other
characteristics such as cell wall composition, lactic acid isomers from glucose, arginine
hydrolysis, acetoin formation, presence of certain enzymes, serological typing, murein, teichoic
acid and menaquinone type, fatty acid composition, and DNA gene sequencing can also be used
for detailed classification (Axelsson, 2004). Species of LAB produce either L(+)-lactic acid or
D(−)-lactic acid or even both isomers (see Table 1). LAB are known as Gram-positive, acid
tolerance, nonsporulating, nonrespiring but aerotolerant, and cocci, rods, or tetrad in shape
(Pfeiler & Klaenhammer, 2007; Von Wright & Axelsson, 2011). According to the cell shape,
LAB can be divided into rods including Carnobacterium and Lactobacillus and cocci for all
other genera (see Table 1). Differences on the optimum growth temperatures can be used to
distinguish between some of the cocci. For example, enterococci grow at both 10˚C and 45˚C
whereas lactococci and vagococci grow at 10˚C, but not at 45˚C (Axelsson, 2004; Von Wright &
Axelsson, 2011). Acid or alkaline tolerance can also be useful. Aerococci, enterococci, and
tetragenococci can grow at relatively high pH (pH 9.6) while other LAB genera such as
lactobacilli and lactococci can grow at relatively low pH such as pH 4.4 (Von Wright &
Axelsson, 2011). Nowadays, LAB have eleven well known genera including the four genera that
were early identified by Orla-Jensen (see Table 1).
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Table 1
Common Genera of LAB and their Shape and Type of Lactic Acid they Produce
Family

Genera

Lactic acid*

Shape

Aerococcaceae

Aerococcus

Cocci (tetrads)

L

Camobactericeae

Carnobacterium

Rods

L

Enterococcaceae

Enterococcus
Tetrageonococcus
Vagococcus

Cocci
Cocci (tetrads)
Cocci

L

Lactobacillaceae

Lactobacillus
Pediococcus

Rods
Cocci (tetrad)

D, L, DL
L, DL

Leuconostocaecae Leuconostoc
Oenococcus

Cocci

D
D

Streptococcaceae

Cocci

L
L

Lactococcus
Streptococcus

*

L is L(+)-lactic acid and D is D(−)-lactic acid.
Adapted from Von Wright and Axelsson (2011)

2.2 Fermentation Pathways of Lactic Acid Bacteria
Fermentation is the metabolism of sugar in which energy is derived from the partial
oxidation of an organic compound using organic intermediates as electron donors and electron
acceptors (Axelsson, 2004; Von Wright & Axelsson, 2011). No outside electron acceptors are
involved; no membrane or electron transport system is required; and all ATPs are produced by
substrate level of phosphorylation. According to fermentation pathways in Figure 1, LAB can be
divided into two groups: homofermentative and heterofermentative ((Gottschalk, 1979; Kandler,
1983). Leuconostoc lactis, Lactobacillus delbrueckii, and L. casei are examples of
homofermentative LAB while L. amylovorus, L. reuteri, and L. manihotivorans are examples of
heterofermentative (John, Nampoothiri, & Pandey, 2007). The pathways related in which hexose
phosphates with gluco-configuration are attached and differ from each other in the mode of
splitting the carbon skeleton leading to different end-products (Kandler, 1983).
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Figure 1. Fermentation pathways of glucose by lactic acid bacteria. Adapted from (Condon,
1987; Kandler, 1983)
Homofermentative LAB produce mainly lactic acid, while heterofermentative produce
other products such as ethanol, diacetyl, formate, acetoin, acetic acid, and carbon dioxide along
with lactic acid (Kandler, 1983; McDonald, McFeeters, Daeschel, & Fleming, 1987).
Homofermentative LAB produce more than 85% lactic acid from glucose. In homofermentation,
one molecule of hexose sugars such as glucose will be converted to two molecules of lactic acid
and two molecule of ATP (Axelsson, 2004; Coolidge, 1951; Kandler, 1983). Heterofermentative
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LAB produce only 50% lactic acid by fermenting one molecule of glucose to one molecule of
lactic acid, one molecule of acetate or ethanol, one molecule of CO2, and only one molecule of
ATP (Axelsson, 2004; Coolidge, 1951; Kandler, 1983). The oxidation-reduction potential of the
system can determine the acetate/ethanol ratio. (McDonald et al., 1987). Heterofermentation is
initiated by the oxidation of glucose 6-phosphate to gluconate 6-phosphate followed by
decarboxylation and splitting of the resulting pentose 5-phosphate into C-2 and C-3 moiety.
Availability of additional hydrogen acceptor such as O2 or fructose can prevent the formation of
ethanol while O2 can be reduced to H2O2 or H2O and fructose can be reduced to mannitol
(Gottschalk, 1979; Kandler, 1983).
The transport and phosphorylation of sugars occur by: (1) transport of free glucose and
phosphorylation by an ATP-dependent hexose kinase (other sugars, such as mannose and
fructose, enter the major pathways at the level of glucose-6-phosphate or fructose-6-phosphate
after isomerization or phosphorylation or both); or (2) the phosphoenolypyruvate sugar
phosphotransferase system, in which phosphoenolypyruvate is the phosphoryl donor for the
uptake of sugar (Axelsson, 2004). Some species of LAB use the phosphotransferase system for
transport of galactose only while others use the phosphotransferase system for all sugars. The
conversion of sugar to end-product carbon is common and can reflects an incorporation of sugar
carbon into the biomass, even though growth factors such as amino acids, nucleotides, and
vitamins that present in rich media frequently used, an incorporation of sugar carbon into the
biomass could be affected. Thus, complex media may also contribute to other fermentation
balances and to the formation of other end products, in particular acetic acid, since compounds
like organic acids, amino acids, and sugar residues can alter the fermentation (Kandler, 1983).
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Pentoses are usually fermented by all heterofermentative LAB with some exceptions for
pentose-negative strains (Kandler, 1983). Pentoses are taken up by specific permeases and
converted by appropriate enzymes to D-xylulose 5-phosphate which is fermented to lactate and
acetate according to the lower half of the 6-phospho-gluconate pathway (Gottschalk, 1979).
However, only very few lactobacilli are able to grow in media with only pentoses (Kandler,
1983). The necessity of phosphoketolase for pentose fermentation would suggest that only
heterofermentative LAB are able to ferment pentose while the strictly homofermentative are
unable to ferment any pentoses (Kandler, 1983). With respect to pentose fermentation,
streptococci and pediococci are heterofermentative that would ferment pentoses sugars.
In most LAB disaccharides and oligosaccharides are taken up by the help of specific
permeases and are phosphorylated inside the cell (Kandler, 1983). Oligosaccharides and
disaccharides will be split into monosaccharides by glycosidases enzymes to become
phosphorylated. For example, lactose is taken up by specific permease and is split by βgalactosidase in most lactobacilli to form monosaccaride (Lawrence & Thomas, 1979; Premi,
Sandine, & Elliker, 1972). Free D-galactose is also taken up from the medium by permease,
follows the same pathway as lactose (Kandler, 1983). In most streptococci and few lactobacilli
such as L. casei, lactose as well as galactose are taken up by the action of the
phosphoenolpyruvate-dependent phosphotransferase system (Thompson & Thomas, 1977). The
lactose phosphate that formed will be hydrolysed by phospho-β-galactosidase resulting in
glucose and o-galactose-6-phosphate (Kandler, 1983). Lactate is the end-product of lactic acid
fermentation and lactate can be further metabolized to acetate and CO2 under aerobic conditions
by stereospecific NAD-independent, flavin-containing lactate dehydrogenases or lactate
oxidases.
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2.3 Genetics of Lactic Acid Bacteria
The genetic research of LAB was first demonstrated by studies on plasmid associated
phenomena, especially in lactococci. LAB include a huge variety of bacteria that are composed
of microaerophilic nonsporulating rods and cocci and are functionally linked by their common
capacity to produce primarily lactic acid from hexose sugars (Koonin & Makarova, 2007;
McKay, Miller III, Sandine, & Elliker, 1970). LAB belonging to phylum Firmicutes, class
Bacilli. The bacterial genome sizes can range from 160 to 10,000 kbp while the genomes of LAB
are up to 3,500 kbp, with coding potential of about 3000 genes and average coding potential of
2000 genes (Koonin & Makarova, 2007). Nowadays more than 1000 complete genome
sequences for bacteria have been annotated including 45 LAB strains (Morelli, Calleagri,
Vogensen, & Von Wright, 2011).
The genomic information of LAB can be understood through three main areas of genome
including pan and core genomes, evolutionary history of LAB, and adaptation to specific niches
(Morelli et al., 2011). Core genome for species is the set of genes present in all strains of specific
species. Pan genome is the sum of all genes present within the species. The evolutionary of LAB
and development of new strains are among the most common phenomena that are known for
LAB. These phenomena are due to the gene loss or gain. For example, analysis evolution for
Lactobacillales was associated with losing about 600-1200 genes and gaining more than 100
gene among those assumed for the ancestor of all Bacilli involved mainly in sporulation
(Koonin & Makarova, 2007).
The genus Bifidobacterium was historically considered to belong to LAB group (Kandler,
1983). However, Bifidobacterium has special way of sugar fermentation and unique genus that
clearly separate them from LAB (Kandler, 1983). In addition, bifidobacteria are phylogenetically
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more related to Actinomycetaceae, a group of Gram positive bacteria (Axelsson, 2004; Kandler,
1983). Bifidobacteria are technologically and naturally different from LAB. While LAB are
members of the natural flora of raw material of food and are of direct use in food technology,
bifidobacteria colonize in the intestines of humans and animals and are found in feces and milk
(Kandler, 1983). However, bifidobacteria are important probiotic bacteria and have been added
to different food products for additional health benefits.
2.4 Metabolic Activity of Lactic Acid Bacteria
Bacteria including LAB express different metabolic activities that are necessary for their
survival and growth. The main metabolic activity that most bacteria express is the degradation of
different carbohydrates and related compounds to obtain mainly energy and carbon molecules.
During growth, LAB can ferment different carbohydrates such as glucose and fructose producing
different metabolites in order to obtain energy and carbon molecules (Hoefnagel et al., 2002;
König & Fröhlich, 2009; Sanchez & Demain, 2008). During the exponential phase of growth,
bacteria including LAB produce different primary metabolites including different intermediates
and end-products that can be used by the cell as building blocks or essential macromolecules
(e.g. amino acids, nucleotides) or can be converted to coenzymes (e.g. vitamins) (Sanchez &
Demain, 2008). Other metabolites (e.g. citric acid, acetic acid, and ethanol) result from catabolic
metabolism are not used for building cellular constituents but their production is essential for
growth (Sanchez & Demain, 2008). However, these metabolites have numerous uses in food,
feed, chemical, nutriceutical, and clinical industries (Sanchez & Demain, 2008).
The metabolism process of LAB usually does not expend energy or nutrients to make any
available compounds and does not overproduce components of intermediary metabolites. LAB
are not naturally optimized for maximal production rates of biotechnologically important
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compounds (Sanchez & Demain, 2008). Thus, knowledge of LAB metabolism and nutrition is
important to achieve more controlled processes and obtain the desirable compounds. For
example, diacetyl and acetaldehyde are often secondary metabolites and are produced in
insufficient amounts with respect to total carbon metabolism (Hugenholtz & Starrenburg, 1992).
The coordination among the metabolic functions can ensures that only the necessary enzymes
and the correct amount of each enzyme are made at any given time (Hoefnagel et al., 2002;
Sanchez & Demain, 2008). Once a sufficient quantity of material is made, the enzymes
concerned with its formation are no longer synthesized and the activities of preformed enzymes
are curbed by a number of specific regulatory mechanisms such as feedback inhibition (Sanchez
& Demain, 2008). LAB strains explore a wide range of enzymes that can metabolize proteins,
some lipids, carbohydrates, and many other organic compounds. Enzymes produced by LAB can
be categorized as proteolysis, lipolysis, carbohydrases, and other functional enzymes.
2.4.1 Proteolysis. Proteolysis in bacteria plays a central role in turnover, maturation, and
regulation of proteins and in assimilation of extracellular proteins and peptides. LAB have
gained much attention due to their proteinases and peptidases activities, which are of great
importance in accelerated maturation and texture modification of different food products
especially cheese (Arora, Lee, & Lamoureux, 1990; Kolstad & Law, 1983; Law & Haandrikman,
1997). The proteolytic system is composed of a proteinase and peptidase that are involved in
the initial cleavage of casein (Law & Haandrikman, 1997). However, LAB have weakly
proteolytic compared with many other groups of bacteria such as Bacillus, Proteus, and
Pseudomonas (Kolstad & Law, 1983). Proteins are broken down by proteinases and peptidases
into polypeptides, peptides, and amino acids that are necessary for LAB growth (Bintsis,
Vafopoulou-Mastrojiannaki, Litopoulou-Tzanetaki, & Robinson, 2003; Law & Haandrikman,
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1997). These activities of LAB can contribute to different sensory and quality characteristics of
fermented food and can make protein ingested easily in the gastrointestinal tract of the host. For
example, compounds resulting from breaking down casein (peptides, amino acids, and
derivatives of amino acids) contribute to the formation of flavor and texture in fermented milk
products (Arora et al., 1990; Law & Haandrikman, 1997).
Proteinases cleave the protein to peptides while peptidases hydrolyze the large peptides
into smaller peptides and amino acids and form the transport systems that are involved in the
uptake of small peptides and amino acids (Law & Haandrikman, 1997). Proteinases and
peptidases can be extracellular which are secreted as free enzymes outside the cell or
intracellular inside the cell (Kolstad & Law, 1983). The proteolytic systems of LAB are
important as a mean of making protein and peptide available for bacterial growth (Bintsis et al.,
2003; Kolstad & Law, 1983; Law & Haandrikman, 1997). The proteolytic systems of LAB
have been mainly studied with reference to manufacturing cheese because of the important role
of the proteolytic system in developing the texture and flavor of cheese (Bintsis et al., 2003; Fox
& Stepaniak, 1993; Law & Haandrikman, 1997). In addition, proteinases can help in reducing
the allergic properties of milk and milk products for infants as these allergic properties can lead
to a severe nutritional problem of protein-energy deficiency (Yuan & Furuta, 2003).
2.4.2 Lipolysis. Lipids are broken down by lipases into fatty acids and glycerol. Various
fatty acids with different degrees of saturation or unsaturation occur in nature. LAB can perform
unique fatty acid transformation reactions including isomerization, hydration, dehydration, and
saturation (Ogawa et al., 2005). These functions can be used in the food industry and for
probiotic purposes. For example, the saturation reaction of LAB can be used in the manufacture
of partially hydrogenated oils. Lipase activity of LAB is important in the dairy industry because
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these enzymes contributions to the flavor of fermented dairy products. The lipolysis of milk fat
by LAB can constitute the main biochemical changes in developing the cheese flavor (Fox &
Stepaniak, 1993; Katz, Medina, Gonzalez, & Oliver, 2002; Meyers, Cuppett, & Hutkins, 1996).
However, the ability of LAB to break down lipids or dehydrate fatty acids has wide range of
differences among LAB species and even strains. When Meyers et al. (1996) screened over 100
different LAB strains for lipase production they report only 29 lipase-producing strains with
different levels of lipases. By comparing different LAB species, strains from L. casei were found
to have high esterase and lipase activities compare to other LAB strains (Arora et al., 1990).
These comparisons indicated that not all LAB strains are able to produce lipase. In addition,
LAB strains have both intracellular and extracellular lipase enzymes (Arora et al., 1990; Katz et
al., 2002; Meyers et al., 1996). However, lipase activities of extracts obtained from LAB cultures
are lower than those reported to other microorganisms, such as Pseudomonas spp. and Candida
spp.(Meyers et al., 1996).
In regard to probiotic applications, lipases activities of LAB were found useful in the
preparation of dietetic formulations for infants, geriatrics, and convalescents (Fox & Stepaniak,
1993; Ogawa et al., 2005; Taranto, Medici, Perdigon, Ruiz Holgado, & Valdez, 1998). Evidence
from mice, preclinical, and clinical trials have revealed that some lactobacilli strains can also
break down cholesterol into serum lipids (Mohan, Arora, & Khalilullah, 1990; Taranto et al.,
1998). The hypolipemic effect of lactobacilli could be due to a lower intestinal absorption of
lipids or a higher lipid catabolism (Taranto et al., 1998). Taranto and others (1998) have
suggested that the hypocholesterolemic effect of L. reuteri could be related to the hydrolase
activity of bile salts of the cells. In addition, LAB can break down certain fatty acids to produce
conjugated fatty acids such as conjugated linoleic acid (CLA) ((Ogawa et al., 2005). Conjugated
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fatty acids have attracted much attention as a novel type of biologically beneficial functional
lipid that can reduce carcinogenesis, atherosclerosis, and body fat. LAB can produce CLA
from linoleic acid by two reactions: hydration of linoleic acid to 10-hydroxy-12-octadecenoic
acid and dehydrating isomerization of the hydroxy fatty acid to CLA then these reactions will
transformed ricinoleic acid to CLA (Ogawa et al., 2005).
2.4.3 Carbohydrases. LAB explore different carbohydrases enzymes that can breakdown
simple and complex carbohydrates into a variety of useful compounds, mainly lactic acid. These
activities are commonly known as fermentation that was discussed in more details in the
fermentation section. Fermentation has an array of benefits in the industrial and clinical
applications. For example, α-galactosidase can break down complex carbohydrates such as
rafinose, stachyoose, and verbascose to simpler sugars that can be utilized by the host (Alazzeh,
Ibrahim, Song, Shahbazi, & AbuGhazaleh, 2009). β-Glucosidase catalyses the hydrolysis of
arylglucosides, alkylglucosides, cellobiose, and cellooligosaccharides (Otieno, Ashton, & Shah,
2005). Metabolism of lactose by β-galactosidase, glycolase, and lactic dehydrogenase (LDH) can
produce lactic acid from lactose and help solve the lactose intolerance health problem.
Glycolysis, occurring in streptococci, pediococci, and homofermentative lactobacilli, is
characterized by the splitting of fructose 1,6-bisphosphate with aldolase into two triose
phosphate moieties that are further converted to lactate (Kandler, 1983).
2.4.4 Other enzymes. A diversity of functional and beneficial enzymes is produced by
LAB with different functionalities. These enzymes are the main contributors to the sensory
changes in fermented foods such as flavor, astringency, and color by breaking down different
organic compounds in the food matrix (Rodríguez et al., 2009; Zotta, Ricciardi, & Parente,
2007). Functional enzymes have also added probiotic characteristics to LAB contributing to
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different health benefits in human, animals, and plants. For example: threonine aldolase cleaves
threonine to glycine and acetaldehyde. LAB can metabolize different simple and complex
functional compounds such as terpenoids, carotenoids, sterols, polyphenols, and isoflavones
which can further benefit the host. In general these organic compounds are known for many
health benefits but they are unavailable for gut absorption. The metabolic process during food
fermentation or in the gut will degrade these compounds to smaller metabolites that can be
absorbed and benefit the host organism.
Metabolic activities of LAB can be used to produce different flavor compounds such as
diacetyl and acetaldehyde. Diacetyl is produced during conversion of citric acid in milk to
pyruvate where pyruvate will be converted to α-actolactate then to the precursor for diacetyl
(Hugenholtz & Starrenburg, 1992). Most LAB strains can decarboxylate α-acetolactate by αacetolactate decarboxylase to the metabolic end-product acetoin and aromatic whereas strains do
not contain the responsible enzyme, resulting in accumulation of α-acetolactate and high
production of diacetyl in dairy products (Hoefnagel et al., 2002). Acetaldehyde is a major
component of dairy products’ flavor which cannot be produced without LAB (Hoefnagel et al.,
2002). LAB also produce different vitamins (ex, folic acid produced by S. thermophilus) that can
introduce several health-promoting activities. In addition, LAB have been noticed for different
phosphatases that have many applications in food industry and probiotics. Overall, phosphatases
are involved in the dephosphorylation of phospho-peptides and proteins during dairy
fermentations and in the hydrolysis of phytate during cereal and legume fermentation.
2.4.5 Optimization of the metabolic activity of lactic acid bacteria. Because LAB are
not naturally optimized for maximal production rates of biotechnologically important
compounds, enzymatic activities of LAB need to be optimized and maximized towards the
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desired level of production and the desired end products. Very much concern was given to the
selection, enhancement, stability, or optimization of different enzymes produced by LAB
towards the desired level of activity. Enzymatic activities of LAB are natural processes as a
result of normal growth. Enzymatic activities of LAB can be controlled or optimized by
controlling the growth conditions including physical and chemical conditions. Therefore, the
composition of the growth media play critical role in the enzymatic activity of LAB. Upon
optimization of an enzymatic activity with a high control coefficient, modeling system can be
used to study the effect of the enzyme in the industrial environment. Therefore, larger increase in
the importance of bioengineering has been noticed in the areas of LAB applications.
2.5 Genus Lactobacillus
Although Enterococcuc, Lactococcus, Lactobacillus, and Streptococcus are among the
well-studied genera of LAB, Lactobacillus is the most important genera of LAB (Barrangou,
Lahtinen, Ibrahim, & Ouwehand, 2011). Lactobacillus has been employed in many applications
with regard to food, feed, and fertilizers for productions and preservations as well as probiotic
(Barrangou et al., 2011; Rodríguez et al., 2009; Song, Ibrahim, & Hayek, 2012). Species of the
genus lactobacilli have been reported to lead spontaneously to the fermentation in many food
products (Rodríguez et al., 2009). Lactobacilli are commonly found in a diversity of ecosystems
including human, animal, plants, and soil (Barrangou et al., 2011; Stolz, Hammes, & Vogel,
1996).
2.5.1 Distribution of Lactobacillus. Lactobacillus has a wide range of distribution in
nature including food, feed, human, animal, and plants. Lactobacilli have been part of human
diet since ancient time as a mean of preservation in fermented foods. Nowadays, most fermented
food products are made by lactobacilli such as dairy products, meats, fermented vegetables, and
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fermented fruits (Barrangou et al., 2011). In addition, lactobacilli are the most commercially
used probiotic bacteria among LAB genera. Probiotic use of lactobacilli has been documented
for many health benefits (Barrangou et al., 2011; de Vrese & Schrezenmeir, 2008; Leroy,
Falony, & Vuyst, 2008; Song et al., 2012).
In human and animal, lactobacilli are found to occupy various niches within the human
and animal body throughout the gastrointestinal tract, urogenital tract, oral cavity, and skin.
Lactobacilli are well documented for safety and health promoting abilities (Barrangou et al.,
2011). Lactobacilli are the most widely used probiotic bacteria due to the inherent health
promoting functionality in both humans and animals (Pfeiler & Klaenhammer, 2007). However,
not all lactobacilli are probiotic, the strain must be considered for successful probiotic
applications (Azaïs-Braesco, Bresson, Guarner, & Corthier, 2010). In plants, lactobacilli are
naturally occurring in most plants and can be isolated from fresh produce (Rodríguez et al.,
2009). For example, L. plantarum was isolated from carrots and marrows and L. fermentum was
isolated from fresh French beans (di Cagno et al., 2008). Because of the naturally occurrence of
lactobacilli in many vegetables, lactobacilli strains are associated with many fermented
vegetables such as cabbage, cucumbers, eggplants, capers, carrots, French beans, marrows,
kimshi, and bamboo (di Cagno et al., 2008; Rodríguez et al., 2009).
Lactobacilli are used as probiotic in many commercial products. L. acidophilus, L. casie,
L. reuteri, L. plantarum, and L. rhamnosus have been clinically documented as probiotics
(Barrangou et al., 2011). L. acidophilus and L. casei species are the most common used probiotic
cultures with established human health benefits (de Vrese & Schrezenmeir, 2008; Leroy et al.,
2008). L. reuteri strains isolated from different hosts have distinctive colony morphologies while
retaining similar physiological and genetic characteristics. Due to the potential health benefits of
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these strains of Lactobacillus, they are widely used in dairy products for their probiotic
properties. Lactobacilli species of the human intestinal flora enhance resistance to common
intestinal disorders and also help in maintaining the normal micro-flora, by their capacity of
hydrolyzing various sugars through glycosidase production, thereby supplying energy for growth
of other intestinal flora (Chan & Li, 1983).
2.5.2 Taxonomy and characteristics of Lactobacillus. Genus Lactobacillus belongs to
the phylum Firmicutes, class Bacilli, and the order Lactobacillales (Makarova et al., 2006).
There are 187 species and subspecies of well recognized Lactobacillus as of Feb 2012 (DSMZ,
2012). Lactobacilli are Gram-positive, non-spore-forming rods or coccobacilli, and non-motile or
rarely motile (Hammes & Vogel, 1995). Lactobacilli have complex nutritional requirements for
carbohydrates, amino acids, peptides, fatty acids, nucleic acid derivatives, vitamins, and
minerals. Complex media such as MRS that contain different complex compounds such as beef
extract, yeast extract, and peptones seems convenient for lactobacilli growth (Elli, Zink, Rytz,
Reniero, & Morelli, 2000; Kandler & Weiss, 1986). However, lactobacilli can adapt to various
environmental and nutritional conditions and change their metabolism accordingly (Barrangou et
al., 2011; Kandler & Weiss, 1986). Lactobacilli strains are facultative-anaerobic or
microaerophilic that can tolerate oxygen or grow at variable oxygen tension from aerobic to
anaerobic with preferred anaerobic environment (Stolz et al., 1996). Most lactobacilli strains
prefer mesophilic growth temperatures with an optimum temperature between 30-40°C (Kandler
& Weiss, 1986). Lactobacilli strains are aciduric or acidophilic that prefer a slightly acidic
environment with optimum growth pH ranged between 5.5 to 6.2 and maximum pH of about 7.2
for most strains (König & Fröhlich, 2009).
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Lactobacilli fall into one of three groups based on the type of metabolic pathway used to
ferment carbohydrates: homofermentative, facultative heterofermentative, or obligatory
heterofermentative (see Table 2). During fermentation, Lactobacillus produce mainly lactic acid
in addition to other compounds such as diacetyl or acetic acid, ethanol, and CO2 (Caplice &
Fitzgerald, 1999). Some species such as L. vini are homofermentative that produce no gas when
fermenting glucose (Rodas et al., 2006). The obligatively homofermentative group possess a
fructose diphosphate aldolase pathway dictating a glycolytic conversion of sugars primarily into
lactic acid. The facultatively heterofermentative group can use either fructose diphosphate
aldolase pathway to ferment certain sugars, or phosphoketolase pathway to ferment other sugars.
The obligate heterofermentative group has only the phosphoketolase-based option (Barrangou et
al., 2011).
Genus lactobacilli have a wide range of genome size. Some lactobacilli have relatively
large genomes such as L. plantarum that encode numerous enzymes involved in the catabolism
of carbohydrates and biosynthesis of amino acids and fatty acids while other lactobacilli species
have smaller genomes such as L. johnsonii (Boekhorst et al., 2004). Thus such a species with
large genome size have wide range of applications in agriculture and food industry. The smallest
lactobacilli genome reported to date is L. iners with 1.3 Mbp (Macklaim, Gloor, Anukam,
Cribby, & Reid, 2011) while longest genome reported to L. plantarum (3.3 Mbp) (Boekhorst et
al., 2004). Species with small genome size may require highly rich and complex media for
normal growth. The genome size can reflect the functional polymorphism and the various
environmental niches in which Lactobacillus species occur (Barrangou et al., 2011; Boekhorst et
al., 2004). For example, large genomes such as L. plantarum encodes 268 proteins that are
involved in the metabolism and transport of amino acids, L. johnsonii genome encodes only 125
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proteins (Boekhorst et al., 2004). Specifications and differences among strains must be
considered when it comes to any application.
Table 2
Mode of Sugar Fermentation in Lactobacilli Species
Facultative
Heterofermentative

Obligatory
Heterofermentative

L. acidophilus

L. casei

L. brevis

L. delbrueckii

L. cuevatus

L. bunchneri

L. helvelicas

L. plantarum

L. fermentum

L. salivarius

L. sakei

L. reuteri

Homofermentative

L. pontis
Adopted from (Barrangou et al., 2011)

2.6 Applications of Lactic Acid Bacteria
LAB occupy a central role in a wide range of applications in food, agriculture, industry,
and probiotic. However food products occupy a significant percentage of LAB applications and
contribute to deferent area of food production and clinical benefits.
2.6.1 Benefits of using lactic acid bacteria in food. Applications of LAB contribute to
different areas of the food industry including (but not limited to): food fermentation, food
preservation and safety, sensory characteristics and appealing, solving technological problems,
and health benefits (probiotics).
In food fermentation, LAB play an important role in the production of many fermented
traditional and new food products including fruits, cereals, meats, vegetables, soybeans, and milk
(Leroy & De Vuyst, 2004). Fermentation of food by LAB is the conversion of
carbohydrates (mainly sugar) to organic acids (mainly lactic acid) and carbon dioxide under
anaerobic conditions using organic intermediates as electron donors and electron acceptors
(Axelsson, 2004; Von Wright & Axelsson, 2011). Fermented food products such as cheeses,
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sausages, sauerkraut, and pickles have not only greatly extended shelf life compared to raw
materials, but also aroma and flavor characteristics contributed directly or indirectly by the
fermentation process. The tradition fermented foods are based on the microflora naturally present
in raw material and the quality of the end product highly depend on the microbial load and
spectrum of the raw material (Leroy & De Vuyst, 2004). Fermentation can be optimized through
inoculation of raw material with small quantity of a previously performed successful
fermentation. Today, the production of fermented foods depends on the use of a selected starter
culture at optimized inoculums level to shorten the fermentation process and to reduce the risk of
fermentation failure (Leroy & De Vuyst, 2004).
In food preservation and safety, LAB produce several natural antimicrobials including
organic acids (lactic acid, acetic acid, formic acid, phenyllactic acid, caproic acid), carbon
dioxide, hydrogen peroxide, diacetyl, ethanol, and bacteriocins (Cintas, Casaus, Herranz, Nes, &
Hernández, 2001; Klaenhammer, 1993). The use of LAB metabolites as biological preservatives
in food has been explored for many food products such as meat, fish, and beverages (Cintas et
al., 2001). The preservation effect of LAB is mainly due to lactic and other organic acids that
cause the pH of the food product to decrease (Caplice & Fitzgerald, 1999). A large number of
bacteriocins produced by LAB have been identified and classified (Cintas et al., 2001).
Bacteriocins are well known for their antimicrobial activity while large number of LAB
bacteriocins have been identified and characterized. Examples of these LAB strains: L.
bulgaricus, S. thermophilus, L. lactis, L. plantarum, and L. acidophilus. LAB bacteriocins are
heterogeneous group of physicochemically diverse ribosomally-synthesized peptides or proteins
that show antimicrobial activity against Gram-positive bacteria (Cintas et al., 2001;
Klaenhammer, 1993). Bacteriocin producing LAB strains protect themselves against the toxicity
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of their own bacteriocins by the expression of a specific immunity protein which is generally
encoded in the bacteriocin operon (Cintas et al., 2001). However, the use of bacteriocins in costeffective food biopreservation may require a hurdle approach in which bacteriocins can act
synergistically with other preservation techniques such as pasteurization, pH, modified
atmosphere packaging, ultrahigh pressure, or reduced temperature (Cintas et al., 2001; Leistner,
2000; Steeg, Hellemons, & Kok, 1999).
In food sensory, LAB are used as a flavoring and texturizing agents. LAB produce
several compounds such as exopolysaccharides, acetate, ethanol, diacetyl, and acetaldehyde that
can improve the texture and enhance the aroma and flavor of fermented food products (Badel,
Bernardi, & Michaud, 2011; Caplice & Fitzgerald, 1999). For example, the production of natural
texture improving sugar polymers (exopolysaccharides) that been used in the manufacturing of
many products including yogurts, sour cream, whipped toppings, ice cream, and low fat
Mozzarella is being explored (Badel et al., 2011; Leroy & De Vuyst, 2004). In addition,
metabolism of phenolic compounds during food fermentation are involved in the formation of
useful volatile phenols derivatives which contribute naturally to aroma in many fermented foods
and beverages (Rodríguez et al., 2009). The biodiversity of exopolysaccharides produced by
LAB has formed different food products such as artisan yoghurts, fermented milks, vegetables,
and cereals. The conditions for optimal production and technological implementation in the
industrial production of fermented foods have been studied extensively (Badel et al., 2011;
Degeest, Vaningelgem, & de Vuyst, 2001; Leroy & De Vuyst, 2004). In bakery industry, LAB
can contribute to different beneficial effect on bread texture including volume and staling (Stolz
et al., 1996). It has been well documented that presence and concentration of exopolysaccharides
in yogurt and the interactions with caseins according to pH value and conformation of
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exopolysaccharides have significant effect on the theology and texture (Badel et al., 2011). LAB
producing thermostable amylases have potential in cereal fermentations, particularly in
sourdough technology for the natural inhibition of staling in bread (Leroy & De Vuyst, 2004).
Lactobacillus starter cultures that use in cheese production such as semi soft cheeses, pressed
cheeses, and blue-veined cheeses can contribute to deferent sensory characteristics including
water retention, improving the overall texture of cheese, flavor, increasing the moisture, and
acidification (Badel et al., 2011). Water retention capacity is responsible for the texture
improvement of cheeses and permits reduction of calories in the final product.
In addition, LAB can be used to solve different technical problems and are well known as
probiotic bacteria. Several problems occur during food manufacturing foods such as
bacteriophage, yogurt acidification during storage, and acceleration of the maturation process of
cheese can be solved or limited by: selecting the appropriate LAB strain, using of appropriate
media, rotating of starter cultures, optimizing the process conditions for the target enzymes, and
using of phage-resistant starter cultures. Many LAB strains, especially those under the genera of
lactobacilli, have shown to provide many health benefits. For the importance of probiotic activity
of LAB, probiotics are covered in more details in the probiotic applications section.
2.6.2 Applications of lactic acid bacteria in food. LAB have been used unintentionally
in food for thousands of years, principally for preventing spoilage and producing new products.
Dairy and vegetables products occupy the majority of food applications whereas meat, fruits,
cereal, and beverages have their significant role (see Table 3). Genera of LAB used in food
applications including Lactobacillus, Lactococcus, Leuconostoc, Carnobacterium, Pediococcus,
and Streptococcus. Lactobacillus and Lactococcus are the most used genera of LAB in food
industry.
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Table 3
Fermented Foods and Beverages and their Associated LAB Strains
Type of food
Dairy products

Vegetables

Other fermented
foods

Product

LAB strains

Cheese

Lc. lactis subsp. lactis, and cremoris, Leuconostoc
mesenteroides subsp. cremoris L. delbrueckii subsp.
lactis, and bulgaricus. L. helveticus, L. casei, S.
thermophilus

Yoghurt

L. delbrueckii subsp. bulgaricus, S. thermophilus

Butter and
buttermilk

L. lactis subsp. lactis, and cremoris, Leuconostoc
mesenteroides subsp. cremoris

Sauerkraut

Leuconostoc mesenteroides, L. plantarum,
Pediococcus acidilactici

Pickles

Leuconostoc mesenteroides, Pediococcus
cerevisiae, L. brevis, L. plantarum

Fermented olives

Leuconostoc mesenteroides, L. pentosus, L.
plantarum
L. sakei, L. curvatus, Pediococcus acidilactici,
Pediococcus pentosaceus

Fermented sausage

Sourdough

L. sanfransiscensis, L. farciminis, L. fermentum, L.
brevis,
L. plantarum, L. amylovorus, L. reuteri, L. pontis,
L. panis, L. alimentarius, Weissella cibaria

Fermented fish

L. alimentarius, Carnobacterium piscicola

Wine

Oenococcus. Oeni, L. sakei

Adapted from Leroy and De Vuyst (2004)

2.6.2.1 Dairy applications. Fermented dairy products have been known for thousands of
years, but only within the last century the microbiological bases of these fermentations have been
elucidated. LAB have occupied a central role in manufacturing dairy foods and have a long safe
history in the production of fermented dairy foods and beverages. Prior to the availability of
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starter cultures, milk fermentations relied on the natural microflora of the raw milk. The first
commercial starter cultures were made of unknown mixes of microbes from raw milk that were
prepared in Denmark around the end of the 19th century. Nowadays, only defined starter cultures
with specific strains and defined inoculums levels are used.
Many microorganisms are naturally present in raw milk; thus, the pasteurization process
is important to eliminate or reduce undesirable bacteria. After pasteurization, milk needs to be
cooled down to appropriated temperature and the selected starter culture from different LAB
strains at desirable inoculation level must be applied for successful fermentation process.
Pasteurization can eliminate most undesirable microorganisms and can save the added starter
culture from competing with undesirable microorganisms. Therefore, pasteurization is a tool to
enhance safety of dairy products and to control the fermentation process.
Fermented dairy products are the most common fermented foods. Fermented milk,
cheese, yogurt, buttermilk, cheese, sour cream and cultured butter are common examples of
fermented dairy products. These products are showing increased popularity due to several
characteristics such as convenient, nutritious, stable, natural, and healthy foods. Strains of LAB
that are used in dairy products are mainly homofermentative that basically produce lactic acid.
Heterofermentative LAB can be also used for flavor, aromas, and color. In some fermented dairy
products, additional bacteria that are referred to as secondary microflora are added to produce
carbon dioxide in order to enhance flavor and texture of the final product (Badel et al., 2011).
Selection of starter cultures is based on the ability of the strain to rapidly produce desirable
organoleptic quantities in cultured dairy products and to avoid high acid production (Kolstad &
Law, 1983). In dairy manufacturing, LAB production of lactic acid, acetic acid, ethanol,
acetaldehyde, diacetyl, aroma compounds, bacteriocins, exopolysaccharides, and several
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enzymes is of importance to be controlled. These compounds can enhance shelf life and
microbial safety, improve texture, and contribute to the pleasant sensory characteristics of dairy
products but they may also cause spoilage under uncontrolled conditions.
2.6.2.2 Vegetable applications. Fermentation of vegetables has been used as a means of
vegetable preservation for thousands of years. Fermentation of vegetables is a simple process and
valuable biotechnology for maintaining and improving the safety, nutritional, sensory and shelflife properties of vegetables (Rodríguez et al., 2009). The most common fermented vegetables
include cucumbers, cabbages, and olives producing pickles, sauerkraut, and fermented olives.
Other less common fermented vegetable products include carrots, cauliflower, French beans,
marrows, artichokes, capers, eggplants, celery, okra, onions, and sweet and hot peppers. LAB,
yeast, and mold are professionally used to ferment vegetables (Leroy & De Vuyst, 2004).
Fermented olives are produced using LAB and/or yeast according to well established processes
as green olives in brine, black olives in brine, and ripe olives. L. plantarum and L. pentosus are
the main species that are often used as starter in olive fermentations (Rodríguez et al., 2009).
Cabbage or sauerkraut fermentation is known to have two stages including an initial
heterofermentative stage followed by a homofermentative stage. Four species of LAB are widely
used in sauerkraut fermentations including Leuconostoc mesenteroides, L. brevis, Pediococcus
pentosaceus, and L. plantarum (Rodríguez et al., 2009). Composition and development of the
microbiota are important factors that will influence the vegetable fermentation process and the
quality of the final product (di Cagno et al., 2008; Rodríguez et al., 2009). Since LAB are small
part of the natural flora of raw vegetables, LAB starter culture need to adapt the intrinsic
characteristics of the raw materials to get the desirable properties of fermented vegetables and
those best adapted to the conditions during the fermentation process will eventually dominate
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(Rodríguez et al., 2009). L. plantarum is the commercial starter that is most frequently used in
the fermentation of cucumbers, cabbages, and olives.
2.6.2.3 Meat applications. Fermentation of meat is a well-known method used to extend
the shelf life, transformation, and diversification of meat products (Fontana, Fadda, Cocconcelli,
& Vignolo, 2011). Sausage is one of the oldest processed meat products including dry sausage
and aged fish. The writings of ancient Egyptians described the preservation of meat by salting
and sun drying. Microorganisms were recognized as important tools to the production of
sausages around 1921. In the 1940s and 1950s, pure microbial starter cultures consisting of LAB
strains became available but their use was not widespread until the early 1980s (Fontana et al.,
2011). Deferent LAB strains are being used in commercial meat fermentation such as L. sakei, L.
curvatus, L. brevis, L. buchneri, L. paracasei, Pediococcus acidilactici, Pediococcus
pentosaceus, L. pentoses, and L. plantarum (Hugas & Monfort, 1997; Leroy, Verluyten, & De
Vuyst, 2006). Fermented sausage is prepared from seasoned raw meat that is stuffed in casings
and is allowed to ferment and mature. Meat can be fermented in the traditional method by
spontaneous fermentation without added starter culture or can be inoculated with a starter culture
composed of selected LAB strains (Hugas & Monfort, 1997). To improve and optimize the
sausage fermentation process, functional starter cultures that initiate rapid acidification of the
raw meat batter need to be used (Leroy et al., 2006). The use of functional starter cultures can
lead to tastier, safer, and healthier products. Taste is determined by lactic acid, peptides, and free
amino acids resulting from tissue-generated proteolysis and aroma is determined by volatile
components derived from bacterial metabolism and lipid autoxidation (Leroy et al., 2006). In
addition, functional starter cultures contribute to microbial safety or offer one or more
organoleptic, technological, nutritional, or health advantages.
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2.6.2.4 Cereal applications. Cereals are a major food source of inexpensive dietary
energy and nutrients. Cereals are rich in many nutrients that can support the growth of LAB for
successful fermentation application. Most cereal products are made without any fermentation,
but when fermentation is used, yeast is the most used microorganism in cereal fermentation such
as that in bread and brewing (Salovaara & Gänzle, 2011). However, number of cereal food
products are been fermented by LAB, such as sourdough breads, European rye and wheat breads,
various Asian flat breads, sour porridges, dumplings, and nonalcoholic beer (Salovaara &
Gänzle, 2011).
2.6.3 Applications of lactic acid bacteria in agriculture. Applications of LAB have
been expanded to many agricultural fields including plants and animals. The use of LAB in
animal feed can improve feed conversion, improve digestibility, maintain animal’s health, inhibit
pathogenic microbes, increase productivity, enhance animal’s growth, and improve the quality of
the final product (Balcázar et al., 2006; Hashemipour, Khaksar, & Kermanshahi, 2011; Musa,
Wu, Zhu, Seri, & Zhu, 2009). LAB can be bio-therapeutic and can protect animals against
pathogens, enhanced immune response, reduced antibiotic usage, and improve the animals safety
(Musa et al., 2009). In plants, LAB can be used as biofertilizers, plant strengtheners,
phytostimulators, and biopesticides (Berg, 2009). LAB also can be used for plant growth
promotion and plant disease inhibition (Cassán et al., 2009; Perrig et al., 2007). Uses of LAB in
plants have several advantages over chemical pesticides and fertilizers including: increase final
product safety, reduce environmental damage, reduce potential risk to human health, are
effective in small quantities, can multiply themselves but controlled by the plant as well as by the
indigenous microbial populations, decompose more quickly than conventional chemical
pesticides, and can be used in conventional or integrated pest management systems (Berg, 2009).
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2.6.4 Industrial non-food applications of lactic acid bacteria. Industrial non-food
applications of microorganisms depend on utilizing of biomass or wastes from agricultural and
agro-industrial residues to produce biofeul, lactic acid, plant fertilizers, feeds, foods, and other
useful products (John & Nampoothiri, 2007). The fermentation of renewable agricultural
biomass or wastes by LAB is an attractive alternative to the use of limited petrochemical
resources for the production of biofuel, lactic acid, and ethanol (Dien, Nichols, & Bothast, 2002).
Huge amounts of food, agriculture, and other industrial wastes are generated by the industry. It is
notable that the fermentation of biomass and wastes are gaining more attention due to the
forthcoming scarcity of fossil fuels and increasing of world food and feed supplies (John et al.,
2007; Lee, Kim, Jang, Choi, & Lee, 2011). The conversion of renewable resources or wastes to
chemicals and fuels by microbial fermentations or enzymes represents a tremendous challenge
for microbiologists. More attention is being paid recently to the biotechnological potential of
agricultural and other industrial wastes such as cassava bagasse, sugarcane bagasse, sugar beet
pulp, coffee husk and pulp, apple pomace, oilcakes, and wheat/rice bran for their use as raw
materials in the production of value-added products such as enzymes, organic acids, ethanol,
amino acids, aroma, single cell protein and biofuel (John et al., 2007). However, LAB are among
the most commonly used microorganism that have been employed in deferent applications to
convert different wastes to useful compounds, mainly lactic acid.
Lactic acid is the most important chemical compound produced by LAB. An increased
interest in the fermentative production of lactic acid has been noticed due to the environmental
friendliness and the use of renewable resources instead of petrochemicals (John et al., 2007).
Lactic acid is the most important hydroxycarboxylic acid with many industrial applications in
food, pharmaceutical, textile, leather, and chemical industries (Datta & Henry, 2006).
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Fermentation techniques and type of organism used result in the production of either D (−) or L
(+) lactic acid or a mixture of both (John et al., 2007). Because lactic acid has both carboxylic
and hydroxyl groups, it can also be converted into different potentially useful chemicals such as
pyruvic acid, acrylic acid, 1,2- propanediol, and lactate ester (Zhou, Fan, & Zhu, 2009).
Amylolytic bacteria such as L. amylovorus ATCC 33622 have been reported for the efficiency of
full conversion of liquefied cornstarch to lactic acid while the use of high cell density of L.
helveticus result in complete conversion of lactose present in whey (John et al., 2007).
2.6.5 Probiotic applications. LAB provide many health benefits to human, animals, and
plants. Recently, different strains of LAB have shown evidence suggesting their important roles
in the maintenance of health and the prevention of infection as probiotic bacteria (Macklaim et
al., 2011). These promoting benefits have moved LAB to form the base of probiotic bacteria.
Probiotics are live microbes that can be formulated into many different types of products
including foods, feed, and fertilizers in addition to drugs and dietary supplements. The term
probiotic means ‘‘for life’’ and it was defined by an Expert Committee as ‘‘live microorganisms
which upon ingestion in certain numbers exert health benefits beyond inherent general nutrition’’
(FAO/WHO, 2001). Several LAB species are used as probiotic with different well established
health benefits while strains under lactobacilli species are the most commonly used probiotic in
food industry (see Table 4).
L. acidophilus and L. casei species are the most used probiotic cultures among LAB
species with established human health (de Vrese & Schrezenmeir, 2008; Leroy et al., 2008).
Health benefits of probiotic bacteria are very strain specific. Thus, there is no universal strain
that would provide all proposed benefits and not all strains of the same species are effective for
the defined health conditions (Vasiljevic & Shah, 2008). Fermented dairy products have become
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known as the main carrier of probiotic bacteria to human. The health benefit of fermented foods
may be further enhanced by supplementation of other lactobacilli species (Shah, 2000). For the
use of LAB as probiotic, some desirable characteristics must be considered such as low cost,
maintain viability during processing and storage, facility of application in the products, and
resistance to the physicochemical processing.
Table 4
Probiotic LAB Species
Lactobacillus species

Other species

L. acidophilus

Lc. lactis sp. cremoriss

L. amylovorus
L. brevis
L. casei
L. rhamnosus

Lc. lactis sp. lactis
Enterococcus faecalisa
Enterococcus faeciuma
S. salivarius sp. thermophilus

L. crispatus
L. delbrueckii sp. bulgaricus
L. fermentum

Leuconostoc mesenteroides sp. dextranicum
Pediococcus acidilactici

L. gasseri
L. helveticus
L. johnsonii
L. lactis
L. paracasei
L. plantarum
L. reuteri
L. salivarius
L. gallinarum
Adapted from Leroy et al. (2008) and Prado, Parada, Pandley, and Soccol (1972)

Several studies have documented probiotic effects on a variety of gastrointestinal and
extraintestinal disorders including prevent and alleviate symptoms of traveler’s diarrhea and
antibiotic associated diarrhea (Marteau, Seksik, & Jian, 2002), inflammatory bowel disease
(Braat et al., 2004; Marteau et al., 2002), lactose maldigestion (de Vrese et al., 2001), protect
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against intestinal infections (Reid, Howard, & Gan, 2001), and irritable bowel syndrome. Some
probiotics have also been investigated to reduce the prevalence of atopic eczema later in life
(Gueimonde, Kalliomäki, Isolauri, & Salminen, 2006), vaginal infections and immune
enhancement (Isolauri, Sütas, Kankaanpää, Arvilommi, & Salminen, 2001), inactivation of
pathogens in the gut (Gänzle, Hertel, van der Vossen, & Hammes, 1999), rheumatoid arthritis,
improving the immune response of healthy individual in elderly people (Ruvio et al., 2010), and
liver cirrhosis. Probiotics have promising inhibitory effect on oral pathogens (Twetman &
Stecksen-Blicks, 2008) genotoxicity, mutagenicity, and carcinogenicity (Vasiljevic & Shah,
2008). In general, probiotics added to food can intended to assist the body’s naturally occurring
gut microbiota to benefit the host.
Health benefits of probiotics have been extended to animals by developing feed fortified
with probiotics to improve animal health. Commercial probiotics for animal use are claimed to
improve animal performance and feed conversion. Several studies on probiotics have reported
possible beneﬁts of probiotics on animal health (Musa et al., 2009). Probiotics provide the
animal with additional sources of nutrients and digestive enzymes (Hooper, Midtvedt, & Gordon,
2002; Wang, 2007). Probiotics stimulate the direct uptake of dissolved organic material
mediated by the bacteria and enhance the immune response against pathogenic microorganisms
(Balcázar, De Blas, et al., 2007; Balcázar, Rojas-Luna, & Cunningham, 2007). They can inhibit
pathogens by competition for colonization sites or nutritional sources and production of toxic
compounds, or stimulation of the immune system. The microflora in the gastrointestinal tracts of
animals plays a key role in normal digestive processes and in maintaining the animal’s health.
Thus including probiotics microorganisms in the animal feed may beneficially improve the
intestinal microbial balance in host animal.
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Probiotics can also confer direct benefits to the plant acting as biocontrol agents. The
plant probiotic bacteria have been isolated and commercially developed for use in the biological
control of plant diseases or biofertilization (Berg, 2009). Probiotics have fulfilled important
functions for plants as they antagonize various plant pathogens, induce immunity, or promote
growth (Berg, 2009; Bloemberg & Lugtenberg, 2001; Nelson, 2004). The interaction between
bacteria and fungi with their host plants has shown their ability to promote plant growth and to
suppress plant pathogens in several studies (Compant, Clément, & Sessitsch, 2010; Perrig et al.,
2007; Saleem, Arshad, Hussain, & Bhatti, 2007; Sheng, Xia, Jiang, He, & Qian, 2008). Plantassociated bacteria colonize the foliage and roots of plants, living on nutrients obtained from
plant cells.
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CHAPTER 3
Nutritional Requirements and Cultivation Media of Lactic Acid Bacteria
3.1 Nutritional Requirements of Lactic Acid Bacteria
Bacteria, in general, require appropriate biochemical and biophysical environments for
growth. Biochemical environment is made available by including the nutritional requirements for
bacteria to grow. Nutritional requirements can be classified as essential, stimulatory, and
unessential (Foucaud, Francois, & Richard, 1997; Letort & Juillard, 2001; Snell, 1989). Essential
nutrients have an absolute effect on the growth and no growth can be detected in their absence.
Stimulatory nutrients have an enhancement effect on the growth and lower growth rate can be
found in their absence. Unessential nutrients have no effect on the growth, neither enhancement
nor inhibition. LAB are known as fastidious in their nutritional requirements (Bringel, 1998;
Desmazeaud, 1983; Koser, 1968; Marshall & Law, 1984; Pritchard & Coolbear, 1993; Terzaghi
& Sandine, 1975; Tripuraneni, 2008) with variations in the required nutrients between species
and even strains of the same species (Hébert, Raya, & de Giori, 2004; Letort & Juillard, 2001;
Morishita, Deguchi, Yajima, Sakurai, & Yura, 1981; Vera Pingitore et al., 2009). LAB require
rich complex culture media due to the multiple auxotrophies especially thus to several amino
acids. These microorganisms can’t grow on simple mineral media supplemented with a carbon
source (Hébert, Raya, & Giori, 2004). In addition to the carbohydrates (carbon source), the
culture media of LAB need to be supplemented with various amino acids, peptides, nucleic acid
derivatives, fatty acids esters, minerals, vitamins, and buffering agents (Hébert, Raya, & de
Giori, 2004; John et al., 2007; Pritchard & Coolbear, 1993).
Nutritional requirements and growth media of LAB have been intensively studied since
the beginning of the 19th century (Snell, 1989). The era between 1935 and 1955 has shown
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significant progress in this regard as most of the required vitamins, minerals, amino acids, and
fatty acids were identified (Snell, 1989). In addition, the basis for highly varied peptide
requirements of some of these bacteria had been mostly established, together with some of their
requirements for inorganic ions (MacLeod & Snell, 1950). By that time, developing LAB growth
media of known chemical composition and forming dehydrated media that can be purchased
commercially became a possible goal. As a result of these developments, several media were
developed such as Regosa (Rogosa, Mitchell, & Wiseman, 1951), Briggs (Briggs, 1953), deMan, Regosa, Sharp (MRS) (de Man et al., 1960) M16 (Lowrie & Pearce, 1971), and M17
(Terzaghi & Sandine, 1975). MRS and M17 have remained the most commonly used
commercial media showing constant support for LAB growth. Since LAB are fastidious bacteria
with numerous growth requirements, LAB media were supplemented by different growth factors
including: carbon and energy sources (carbohydrates), nitrogen sources (amino acids and
peptides), minerals, vitamins, and surfactant (Briggs, 1953; de Man et al., 1960; Hébert, Raya, &
de Giori, 2004; Pritchard & Coolbear, 1993; Terzaghi & Sandine, 1975).
3.1.1 Carbon and energy sources. Carbohydrates are the main source of carbon and
energy forming essential component for LAB growth and functionality (de Vuyst & Vandamme,
1992; Lauret et al., 1996; O’Donnell, Forde, Neville, Ross, & O’Toole, 2011). LAB species vary
in their abilities to ferment various sugars and other carbon sources. Carbon and energy can be
obtained from different ingredients including: carbohydrate (sugars), yeast extract, meat extract,
and peptone. Glycerol was also suggested as a good sole of carbon and energy source for some
LAB strains such as L. reuteri (Da Silva, Mack, & Contiero, 2009). However, sugars are the
main contributors to carbon and energy in bacterial media and dextrose (glucose) is the most
used sugar. Glucose is commonly preferred carbon and energy source for most bacteria and the
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depletion in glucose will represses consumption of alternative carbon sources (Kim, Shoemaker,
& Mills, 2009). This phenomenon is known as carbon catabolite repression which is very
common among LAB strains (Deutscher, 2008).
Even though glucose is the most common sugar for LAB media, LAB species and even
strains have shown preferences among sugars. Thus, it is important to choose the right source of
carbon and energy since these sources may affect the growth and metabolic activity of LAB (de
Vuyst & Vandamme, 1992; Degeest et al., 2001). For example, L. acidophilus showed better
growth when glucose was replaced by maltose, salicin, raffinose or melibiose (Hull & Roberts,
1984a). L. fermentum showed significantly higher growth on maltose compared to that obtained
on starch, glucose, or melibiose (Calderon, Loiseau, & Guyot, 2001). S. thermophilus normally
requires lactose not glucose (Terzaghi & Sandine, 1975). Lactulose showed high level of support
for the growth of deferent Lactobacillus species including L. rhamnosus, L. paracasei, and L.
salivarius (Saarela, Hallamaa, Mattila-Sandholm, & Mättö, 2003). Differences in sugars among
LAB strains can be used for enumeration, selection, and identification of different strains. For
example, MRS supplemented with fructose was suitable for enumeration of L. bulgaricus and
MRS supplemented with maltose was suitable for differentiation between L. acidophilus and L.
paracasei (Tabasco, Paarup, Janer, Pelįez, & Requena, 2007). Lactulose, a disaccharide
derivative of lactose, was found to support a high level of growth for most L. ruminis strains (O’
Donnell et al., 2011).
3.1.2 Nitrogen sources. LAB have multiple amino acids and peptides demands to meet
their requirements of complex nitrogen. It is believed that evolution of complex rich media
resulted in selection of specific auxotrophies that very much related to their preferred
environmental conditions that differ among LAB species (Bringel, 1998; Morishita et al., 1981;
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Von Wright & Axelsson, 2011). For example, the genera of lactococci and lactobacilli have
between six and fourteen amino acid auxotrophies (Christensen, Dudley, Pederson, & Steele,
1999). Amino acids and peptides can be obtained through the action of proteases or proteolysis
in many cases of bacterial growth. In these actions, proteins are being broken down into
oligopeptides and peptides while peptides are being metabolized to free amino acids and other
subsequent utilization compounds (Christensen et al., 1999). Thus, the ability of LAB to grow to
high cell density depends mainly on a proteolytic system that can liberate essential amino acids
from protein derived peptides.
Proteolysis is particularly well documented in relation to the growth of lactobacilli and
lactococci in milk since they are largely responsible for flavor development during cheese
production (Arora et al., 1990; Fox & Stepaniak, 1993; M. Liu, Bayjanov, Renckens, Nauta, &
Siezen, 2010). Components of proteolytic system of LAB include: (1) cell-wall bound proteinase
that initiates the degradation of extracellular casein into oligopeptides, (2) peptide transporters
that take up the peptides into the cell, and (3) various intracellular peptidases that degrade the
peptides into shorter peptides and amino acids (M. Liu et al., 2010). The advantage of direct
transport of peptides into the cell prior to hydrolysis lies in the reduction of the amount of
metabolic energy used for amino acid uptake. Amino acid catabolism by LAB is also believed to
have an important role in the ability to obtain energy in nutrient limited environment
(Christensen et al., 1999). In addition, proteinase, oligopeptide transport system, and peptidases
were shown to be distributed unevenly among LAB strains and that probably the result of the
presence or absence of plasmids that encode them (M. Liu et al., 2010).
The peptidase systems of LAB are well studied, however, L. helveticus and Lc. lactis
have been studied in greatest details (Christensen et al., 1999). Many peptidases (e. g.
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Aminopeptidase C, Aminopeptidase N, Aminopeptidase A, X-prolyl dipeptidyl aminopeptidase,
Prolidase) have been identified and classified showing wide differences among LAB species and
even strains (Christensen et al., 1999). According to the differences in peptides requirements
among LAB strains, peptides can be either essential growth factors or stimulatory growth factors,
also some strains can grow without them (Barrangou et al., 2011; Letort & Juillard, 2001). The
growth of LAB depend mainly on the organic sources of amino acids because of the very limited
capacity to synthesize amino acids from inorganic nitrogen sources (Von Wright & Axelsson,
2011). Peptides can be derived from different sources, such as papain-digested skim milk, yeast
extract, tryptone (trypsine-treated casein), soy peptones, peptones of animal origin, corn steep
liquor, liver extracts, and whey protein hydrolysates (Aguirre et al., 2008; Hébert, Raya, & Giori,
2004; Yu, Lei, Ren, Pei, & Feng, 2008). Since amino acids and peptides requirements of LAB
vary widely among strains and each source contains different amino acids and peptides, strains
of LAB will respond differently to different nitrogen sources. For example, most amino acids in
yeast extract are in a free form while in tryptone most amino acids are peptide-bound
(Christensen et al., 1999). LAB can also catabolize amino acids produced by peptide hydrolysis.
Amino acids and peptides requirements were reported in many studies to differ among
species and even strains of LAB (Aasen, Møretrø, Katla, Axelsson, & Storrø, 2000; Møretrø,
Hagen, & Axelsson, 1998; Morishita et al., 1981; Teusink et al., 2005; Vera Pingitore et al.,
2009). For example, glutamate and valine amino acids have been examined and founded to be
required by most species of Lactobacillus, Streptococcus, Leuconostoc, and Pediococcus
(Morishita et al., 1981). When nicotinic acid, panthotenic acid, arginine, glutamate, isoleucine,
leucine, methionine, valine, phenylalanine, tryptophan, and tyrosine were omitted from minimal
medium of L. plantarum, sever inhibition of growth was observed (Wegkamp, Teusink, De Vos,
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& Smid, 2010). Amino acid requirements of LAB is a strain dependent with a wide range of
differences among species and stains (Barrangou et al., 2011; Letort & Juillard, 2001). Letort and
Juillard (2001) reported that five out of six of the S. thermophilus strains exhibited no absolute
amino acid requirement and Proline or Histamine are essential for only one strain. Some amino
acids (Methionone, Cysteine, Leucine, and Valine) reported to have a stimulatory effect on all
six S. thermophilus strains and other amino acids (Asparagine, Alanine Isoleucine, Glycine,
Serine and Threonine) were found unessential (Letort & Juillard, 2001).
In addition, genome size analysis revealed that defects in amino acid biosynthetic
capacity in L. plantarum, with big genome size, are less than those in L. johnsonii, with small
genome size, (Boekhorst et al., 2004). Therefore, strains belong to L. plantarum require
nutritionally simpler medium (Sawatari, Hirano, & Yokota, 2006). L. plantarum required only 3
amino acids while L. acidophilus require 14 amino acids (Barrangou et al., 2011). Thus, genome
size of LAB has important effect on the nutritional requirements. According to the investigation
of the amino acid requirements of several species of lactobacilli in chemically defined media, it
has been demonstrated that L. acidophilus, L. delbrueckii subsp. bulgaricus, and L, delbrueckii
subsp. lactis exhibit wider requirements than L. plantarum, L. pentosus and L. curvatus (Hébert,
Raya, & Giori, 2004; Møretrø et al., 1998; Morishita et al., 1981).
The growth media of LAB were supplemented with deferent nitrogen sources including
peptone, meat extract, and yeast extract (Vazquez, Gonzalez, & Murado, 2004). Yeast extract,
meat extract, and peptone are considered an essential component in several LAB media such as
MRS and M17 (Briggs, 1953; de Man et al., 1960; Terzaghi & Sandine, 1975). These nitrogen
sources are known to contain a wide range of amino acids and peptides that can satisfy the
requirements of most LAB strains (Bamson & Bmzcxsa, 1970; Calderon et al., 2001; Cook,

44
1910; Hough & Maddox, 1970). Replacing beef extract, yeast extract, and peptone with other
nitrogen sources may result in negative effect on LAB growth. Replacement of yeast extract
with beef extract, casitone, or gluten as other sources of nitrogen did not increase growth
compared with yeast extract alone (Calderon et al., 2001). Replacing half of yeast extract with
either beef extract or malt extract was found to reduce the biomass and bacteriocin production
(Aasen et al., 2000). Replacement of tryptone with bacteriological peptone or soytone showed
good growth and bacteriocin production while fish hydrolysate showed a reduction in the growth
(Lechiancole, Ricciardi, & Parente, 2002). When peptone, beef extract, and yeast extract were
replaced in Food Grade medium by yeast peptone, which is made from bakery yeast, L.
plantarum was able to grew whereas other lactobacilli species such as L. acidophilus, L.
delbrueckii subsp. blugaricus, and L. delbrueckii subsp. lactis showed lower growth rates
(Sawatari et al., 2006). On the other hand, high concentration of yeast extract (YE > 12 g/L) can
depress the growth of LAB in unbuffered medium (Oh, Rheem, Sim, Kim, & Baek, 1995). In
addition, yeast extract, meat extract, and peptone are not only nitrogen sources. These
ingredients are also sources of carbon, minerals, and vitamins (Bamson & Bmzcxsa, 1970;
Calderon et al., 2001; Cook, 1910; Hough & Maddox, 1970). Thus, complementation of nitrogen
sources with vitamin or amino acid solution did not have any positive effect on the growth
(Calderon et al., 2001).
3.1.2.1 Beef extract. Beef extract is derived from animal origin (beef) and provides a rich
source of nutrients. The lean beef is consists of approximately 77 % water, 1 % ash, 20% protein,
and 1.30% nitrogenous extractives, in addition to 1% of nonnitrogenous organic extractives.
Only water-soluble protein, approximately one tenth of the total protein, will be extracted. Beef
extract has higher proteose, peptone, water soluble nitrogen, and amino acids than yeast extract
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and beef extract has lower ash than yeast extracts (Cook, 1910). Amino acids, vitamins, and
minerals, mainly sodium and potassium phosphates which are extracted from the beef are water
soluble. A large percentage of phosphorus and one-half of the sulfur will be extracted. Beef
extract is not exposed to the harsh treatment used for protein hydrolysis, so it can provide some
of the nutrients lost during peptone manufacture (Cote, 2010). Beef extracts usually prepared
from the liquor in which the meat is cooked and insoluble protein is removed. The liquid is then
dehydrated to obtain dried powder extract. It is evident that all of the insoluble portions of the
meat and some of the soluble substances are not utilized in the process of manufacturing the
extract. The final dehydrated product of beef extract normally has: phosphoric acid, sodium
chloride, proteose, minerals, phosphates, energy sources, peptone, amino acids, keratin, and
kreatinin (Bamson & Bmzcxsa, 1970; Cook, 1910).
3.1.2.2 Yeast extract. The yeast extract is also manufactured almost in the same method
as beef extract. Autolyzed yeast is made by maintaining a liquid slurry of Succharomyces
cerevisiae cells at about 50˚C during autolysis; alternatively the more rapid solubilization
process of plasmolysis or acid hydrolysis may be used (Acraman, 1966). The exhausted brewery
yeast is usually washed with cold water to remove the beer then heated to produce a rupture of
the yeast cells. The cells are forced through pipes into suitable containers before cooling. The
liquid is dehydrated to obtain the extract. Extracts prepared in this manner have the same general
appearance and odor as meat extracts (Cogman & Sarant, 1977). Yeast extract contains vitamins
and amino acids specifically required by lactobacilli and yeast extract is the best nitrogen source
for some lactobacilli strains (Calderon et al., 2001; Møretrø et al., 1998). The stimulating effect
of yeast extract on the growth of LAB is well known (Møretrø et al., 1998). Yeast extract is a
good source of phosphoric acid, sodium chloride, proteose, peptone, amino acids, nucleotides,
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lipids, and B vitamins (Cogman & Sarant, 1977; Cook, 1910; Hough & Maddox, 1970; Møretrø
et al., 1998). Yeast extract is also rich with some minerals including Mg2+, Fe2+, Zn2+, and Cu2+
(Grant & Pramer, 1962). The addition of yeast extract and acetate to a mineral solution, under
anaerobic conditions, was reported to be sufficient to support the growth of some lactobacilli
strains and to replace MRS for fermentation purposes (Calderon et al., 2001). Yeast extract and
tryptone or soytone were reported to provide the best results in terms of both growth and
bacteriocin production of L. sakei and yeast extract was found to have more pronounced effect
on growth compared to tryptone (Aasen et al., 2000). Yeast extract was found a better source of
nitrogen than bacteriological peptone (Lechiancole et al., 2002).
3.1.2.3 Peptones. Peptones are excellent sources of amino acids, peptides, and proteins in
LAB growth media (Aasen et al., 2000; Lechiancole et al., 2002). Peptones are most often
obtained by enzymatic digestion or acid hydrolysis of natural products, such as animal tissues,
milk, plants, or microbial cultures. There are number of available peptones and extracts that can
promote and sustain the growth of most organisms. However, not all peptones are the same; the
composition and average peptide length of complex nitrogen sources in peptones could vary
widely. Therefore, increases in peptide concentration may not result automatically in increased
growth (Lechiancole et al., 2002). This explain why the use of bacteriological peptone or soytone
in LAB growth media was found to be a better in supporting the growth and bacteriocin
production than tryptone or fish hydrolysate (Lechiancole et al., 2002). In addition, when
tryptone used in combination with other nitrogen sources such as yeast extract and
bacteriological peptone, negative effect on growth of L. sakei resulted while when yeast extract
and bacteriological peptone were used in high concentrations, a reduced growth resulted
(Lechiancole et al., 2002).
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High concentrations of tryptone (TR > 35 g/L) was found to depress the growth L. casei
(Oh et al., 1995). Increase in tryptone concentration from 0.25 g/L to 5 g/L tryptone, on the
stable of other factors, has shown no increase on L. casei growth (Lechiancole et al., 2002).
Therefore, an increase in peptides concentration for those amino acids composition different
from that required for balanced growth may limit the uptake of essential peptides and amino
acids and may also result in a growth limitation (Lechiancole et al., 2002). A comparison of the
amounts of essential amino acids that are required for maximum growth with the concentrations
of free amino acids in milk emphasizes the importance of proteolytic enzymes as mediators in
releasing further amino acids from milk proteins to allow maximum growth (Kolstad & Law,
1983). The addition of phytone peptone (plant protein extract) to M16 has resulted in better
growth for streptococci strains (Terzaghi & Sandine, 1975). Tryptone, beef extract, yeast extract,
and bacteriological peptone at low concentrations (3 g/L for each) have shown a good growth of
L. sakei in a buffered medium (Lechiancole et al., 2002). Therefore, choosing the right peptone
for the selected strain or a combination of different peptones from different sources in general
purpose growth media may maximize LAB growth.
3.1.3 Fatty acids. Fatty acids are carboxylic acids (COOH) with short, medium, or
long chain of carbon atoms that are either saturated or unsaturated. Fatty acids typically bound to
other compounds such as glycerol, sugars, or phosphate to form lipids. Lipids are components of
cell structures (phospholipids) and energy stores (triglycerides). Lipids can be broken down by
enzyme action of Lipases to release free fatty acids. Fatty acids have many well defined
biological activities (Desbois & Smith, 2010), however, there are limited data on the roles of
fatty acids and fats as growth factors for LAB (Desbois & Smith, 2010; Kankaanpää, Yang,
Kallio, Isolauri, & Salminen, 2004; Khulusi, Ahmed, Patel, Mendall, & Northfield, 1995; Knapp
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& Melly, 1986; Nieman, 1954; Partanen, Marttinen, & Alatossava, 2001). However, most
investigations about the relation between fatty acids and the growth of microorganisms have
demonstrated the antimicrobial effects of fatty acids (Desbois & Smith, 2010; Knapp & Melly,
1986). Certain fatty acids were earlier identified for their effect on the growth of some LAB
strains (Williams, Broquist, & Snell, 1947). Fatty acids in general can inhibit the growth of
microorganisms but a small amount of fat may have a stimulation effect on bacterial growth
(Jenkins & Courtney, 2003). For example, the presence of small amounts of lecithin stimulate
the growth of L. casei when riboflavin and pantothenic acid are present in suboptimal amount
(Williams et al., 1947).
The response of LAB strains to fatty acids is not the same but in general fatty acids
inhibit the growth of LAB. The antimicrobial activity of each fatty acid can be influenced by
their structure and shape including the length of carbon chain and number of double bounds.
Fatty acids with longer carbon chain usually have stronger inhibitory effect than shorter chain
and also unsaturated fatty acids tend to be more inhibitory than saturated ones (Desbois & Smith,
2010; Kankaanpää et al., 2004; Khulusi et al., 1995; Knapp & Melly, 1986; Partanen et al.,
2001). In addition, Gram positive bacteria such as LAB are more susceptible to long chain fatty
acids than Gram negative bacteria (Desbois & Smith, 2010; Khulusi et al., 1995; Knapp &
Melly, 1986; Nieman, 1954). Medium and long chain unsaturated fatty acids are more active
against Gram positive bacteria than Gram negatives (Desbois & Smith, 2010; Khulusi et al.,
1995; Partanen et al., 2001).
Unsaturated fatty acids were earlier identified for their toxicity effect on most LAB
strains (Williams et al., 1947). It has been established that increases in the degree of unsaturation
of fatty acids with the same carbon chain length tend to more inhibitory effect (Desbois & Smith,
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2010; Khulusi et al., 1995; Knapp & Melly, 1986). The most active saturated fatty acids have 10
or 12 carbons in the chain and antibacterial efficacy tends to decrease as the chain length gets
longer or shorter (Desbois & Smith, 2010). Short chain fatty acids required higher concentrations
than longer chain to be effective and the inhibitory effect is also more pH depended (Knapp &
Melly, 1986). Long chain fatty acids with a higher degree of unsaturation have more inhibitory
effect than a fatty acid of the same chain length with fewer double bonds (Khulusi et al., 1995;
Nieman, 1954; Raychowdhury, Goswami, & Chakrabarti, 1985). Unsaturated long chain fatty
acids were reported to inhibit L. rhamnosus, L. zeae, and L. bulgaricus (Kankaanpa, Salminen,
Isolauri, & Lee, 2001). Even though the antimicrobial effect of fatty acids is well studied, the
mechanism in which fatty acids inhibit bacterial growth is not well defined (Desbois & Smith,
2010; Kankaanpa et al., 2001).
3.1.4 Tween 80. Tween 80 is a polysorbate that is well known to affect the growth of
LAB. Polysorbates are a class of emulsifiers used in pharmaceuticals and food preparation.
Polysorbates are oily liquids derived from polyethylene sorbitan esterified with fatty acids.
Common brand names for Polysorbates include Alkest, Canarcel, and Tween. Series of Tweens
are available including Tween 20 (Polyoxyethylene (20) sorbitan monolaurate), Tween 40
(Polyoxyethylene (20) sorbitan monopalmitate), Tween 60 (Polyoxyethylene (20) sorbitan
monostearate), and Tween 80 (Polyoxyethylene (20) sorbitan monooleate). However, not all
Tweens are important for bacterial growth while Tween 80 is much known to enhance the
growth of LAB and many other bacterial groups (Jenkins & Courtney, 2003; Kaneko, Suzuki, &
Takahashi, 1987; Williams et al., 1947). Tweens 40 and 60 contain palmitic and stearic acid,
respectively and were found to inactive LAB growth (Williams et al., 1947). Tweens such as
Tween 80 and 85 that contain oleic acid and also lauric acid containing Tweens such as Tween
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20 were found to support the growth of LAB (Williams et al., 1947). Oleic acid is well known as
essential growth factor for a variety of LAB strains and was therefore suspected as the active
material (Jenkins & Courtney, 2003; Williams et al., 1947). However, oleic acid also has toxicity
characteristics that was eliminated by the inactive Tween, and its growth promoting properties
then become apparent (Williams et al., 1947). On the other hands, lauric acid containing Tween
may lower the growth of some LAB strains such as L. bulgaricus which can be due to the
contamination with utilizable fatty acids (Williams et al., 1947).
Tween 80 is a surfactant that assists in nutrient uptake of lactobacilli. Tween 80 is
incorporated in the phospholipids from the cytoplasmic membrane, improving its permeability
(Kaneko et al., 1987). It has significant effect on the recovery ability (Li et al., 2011), bile
tolerance (Ibrahim, Ahmed, & Song, 2009; Kimoto, Ohmomo, & Okamoto, 2002), and
metabolic activities (Lechiancole et al., 2002) of different LAB strains. Tween 80 was found to
enhance the production of enterocin 1146 and lactocin D that are produced by LAB (Parente &
Hill, 1992). Including Tween 80 in MRS medium as a water-soluble oleic acid source can
support the growth of oleic acid requiring lactobacilli (Briggs, 1953; de Man et al., 1960;
Williams et al., 1947). Oleic acid is known to be an essential growth factor for LAB and was
therefore suspected as the active material in Tween 80 (Williams et al., 1947). In addition,
supplementing LAB media with Tween 80 incorporate oleic acid into their membranes and
further convert it into cyclopropane fatty acids, a characteristic fatty acids especially in
lactobacilli (Jenkins & Courtney, 2003). The role of cyclopropane fatty acids are to increase
fluidity of LAB membranes like polyunsaturated fatty acids and to protect LAB from different
environmental conditions such as low pH, deleterious effects of oxygen, and extreme
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temperatures (Bâati, Fabre-Gea, Auriol, & Blanc, 2000; Jacques & Hunt, 1980; Suutari &
Laakso, 1992).
When Tween 40 was tested together with oleic acid, the growth of LAB was enhanced
which means the substance is actually oleic acid (Williams et al., 1947). Saponin was found to
have slight effect on some LAB strains that can be due to contamination with unsaturated fatty
acids and also found to eliminate the toxic action of oleic acid for some LAB strains (Williams et
al., 1947). Replacing Tween 80 with Sunsoft Q-17S, which has oleic acid and linoleic acid as a
major components, was found to support the growth of some L. plantarum but other lactobacilli
strains such as L. acidophilus, L. delbrueckii subsp. blugaricus, and L. delbrueckii subsp. lactis
did not grew in MRS in the absence of Tween 80 (Sawatari et al., 2006). In summary, Tween 80
has stimulatory effect for some strains of lactobacilli but has also inhibitory effect at high
concentration (Møretrø et al., 1998). The stimulatory effect of Tween 80 on growth at ≤ 1 mL/L
was confirmed and the increase of Tween 80 concentration had shown a negative effect on
growth (Lechiancole et al., 2002). In addition, lactic acid production was found to increase with
the increasing Tween 80 concentration to a little more than 1.5 mL/L then decrease gradually
beyond these ranges (Yu et al., 2008).
3.1.5 Minerals. Minerals have an essential role on the microbial growth in general and
special effect on the bacterial enzymatic activity (Foucaud et al., 1997). Some LAB species such
as Leuconostoc mesenteroides cannot grow in the absence of metal ions, indicating the absolute
requirement for metal ions (Foucaud et al., 1997). Essential metal ions serve bacteria in number
of functions: (1) as activators or cofactors of a variety of enzymes, (2) in membrane transport,
and (3) as components of molecules or structural complexes (Hébert, Raya, & de Giori, 2004).
Comprehensive studies on the mineral requirements for bacterial growth are complicated for
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several reasons including that metal ions can replace each other, some metal ions adsorb others,
some metal ions interact differently in the presence of others, many organic substances can
combine with metal ions and render them unavailable for growth, and colloidal suspensions of
metal ions can precipitate because of shifts in pH before or during growth (Boyaval, 1989).
Complex ingredient such as beef extract, yeast extract, and peptone that are usually included in
complex media contain most essential metal ions and no supplementation is required (Hébert,
Raya, & de Giori, 2004).
It has been reported that at least trace amounts of manganese (Mn2+) is essential for the
growth and metabolic activities of most microorganisms including LAB (Silver & Jasper, 1977).
Mn2+ has biological effects on the structure and activation of numerous enzymes such as
glutamine synthetase (Ginsburg & Stadtman, 1973), RNA polymerase (Stetter, 1977), lactate
dehydrogenase (Fitzpatrick, Ahrens, & Smith, 2001) and phosphatases (Kinnett & Wilcox,
1982). It was also reported that Mn2+ is important defense against endogenous oxygen radicalism
for some LAB strains (Archibald & Fridovich, 1981b). Even though Mn2+ is an essential factor
for the growth of most LAB strains, it was reported that removing Mn2+ from chemically defined
medium did not affect the growth of S. thermophilus significantly (Letort & Juillard, 2001).
Mn2+ is responsible for the catalytic scavenging of O2 in many LAB strains such as L. plantarum
(Kandler, 1983). The reaction of Mn2+ with O2 in the presence of pyrophosphate or phosphate is
well known from experiments with chloroplasts and model systems.
Magnesium (Mg2+) is another essential element for the growth and metabolic activities of
LAB. Mg2+ stimulate the growth and improve LAB survival (Amouzou, Prevost, & Divies,
1985). It was shown that Mg2+ is the only essential oligoelement for the growth of L. delbrueckii
ssp. lactis (Hébert, Raya, & Giori, 2004). Mg2+ was found essential metal ion for the growth of
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S. thermophilus (Letort & Juillard, 2001). Mn2+ and Mg2+ have been included in all different
formulas of MRS medium in the form of Manganese sulfate (MnSO4.5H2O) and Magnesium
sulfate (MgSO4.7H2O) respectively. The addition of Mg2+ and Mn 2+ to minimal medium of L.
plantarum has assured its growth (Wegkamp et al., 2010). However, Wegkamp and others
(2010) did not test the effect of omitting Mg2+ on the growth rather than adding both Mg2+ and
Mn2+ to the medium. Manganese sulfate was found to be essential for the growth of L. plantarum
whereas omitting magnesium sulfate showed no adverse effect on the growth of L. plantarum
(Sawatari et al., 2006). It was reported that the growth of L. plantarum in the presence of oxygen
requires a high concentration of Mn2+ (Archibald & Fridovich, 1981a). These finding agree with
the earlier discussion that strains with bigger genome size may require less nutrients than strains
with smaller genome size.
The metal ions requirements for LAB can vary among species and even strains. For
example, Mn2+ was found stimulatory factor for Leuconostoc mesenteroides whereas Mg2+, Ca2+,
Fe2+, Zn2+, Co2+, and Cu2+ were found unessential (Foucaud et al., 1997). Ca2+ were found a
stimulating factor for S. thermophilus but not essential factor (Letort & Juillard, 2001). Mg2+,
Mn2+, Na+, K+, and Cl- were found essential components in minimal growth media for L.
plantarum (Wegkamp et al., 2010). Removing Fe2+, Zn2+, Co2+, and Cu2+ from chemically
defined medium did not show any significant effect on the growth of S. thermophilus (Letort &
Juillard, 2001). However, LAB in general require Mn2+, Mg2+, Ca2+, Fe2+, K+, and Na+ as an
essential factors for nutrient transportation and enzymatic activity (Boyaval, 1989; Foucaud et
al., 1997; Ibrahim et al., 2010). The significant effect of metal ions on the enzymatic activity of
LAB has been well studded (Boyaval, 1989; Foucaud et al., 1997; Ibrahim et al., 2010;
Lehninger, 1950; Macedo, Lacroix, Gardner, & Champagne, 2002). In addition, heavy metals
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such as Cadmium, Mercury, Caesium, Copper, Zinc, Cobalt, Uranium, and Thorium are very
fragment and may have an inhibitory effect on LAB growth.
Complex medium such as MRS and M17 have included most of the essential ions
especially Mn2+ and Mg2+. Sodium acetate CH3COONa or trisodium citrate Na3C6H5O7 is
essential components in MRS for their buffering activity. Sodium acetate was early found to
support a good growth of L. casei (Snell, 1989). Omitting sodium acetate lowered the growth of
L. plantarum NRIC 0380 with reduction of the medium pH (Sawatari et al., 2006). Other
components that used in MRS with buffering activity include disodium phosphate (Na2HPO4 ),
ammonium citrate (NH4C6H5O7), and dipotassium phosphate (K2HPO4).
3.1.6 Vitamins. Studies related to vitamins requirements of LAB represent many
differences among LAB strains. However, individual strain required from one to four vitamins
for normal growth (Russell, Bhandari, & Walker, 1954; Snell, 1989). Vitamin requirements of
LAB can be classified into three categories: essential vitamins that will cause 67% reduction in
the growth when omitted, stimulatory vitamins that will cause between 34 and 66% reduction
in the growth when omitted, and non-essential vitamins that will cause less than 33% reduction
in the growth when omitted (Carr, 1958). Pantothenic and nicotinic acids were found essential
for most LAB strains (Carr, 1958; Foucaud et al., 1997; Russell et al., 1954; Snell, 1989).
Riboflavin was identified to be essential by several LAB strains (Carr, 1958; Orla-Jensen, Otle,
Snog-Kjaer, & Levrat-Verny, 1936). When riboflavin was tested for bacterial cell recovery,
excellent recovery was reported and the tested microorganisms responded to a series of
riboflavin analogs in almost the same way as rats (Snell, 1989). When riboflavin was omitted
from minimal medium of L. plantarum, sever inhibition of growth was observed (Wegkamp et
al., 2010). Letort and Juillard (2001) have reported that riboflavin, pantothenic, nicotinic, and
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ascorbic acid are essential or stimulatory growth factor for all studied strains of S. thermophilus
while all other vitamins are unnecessary regardless of the strain.
Thiamine, riboflavin, thymidine, folic acid, and inosine were found stimulatory and other
vitamins were found unnecessary (Foucaud et al., 1997; Garvie, 1967; Whiteside-Carlson &
Carlson, 1949). Adding thiamine with pantothenic and nicotinic acids is essential for the growth
of most LAB strains (Carr, 1958; Foucaud et al., 1997). Thiamine was found to be required for
the growth of lactobacilli on arabinose, ribose, and gluconate, which is a cofactor of
phosphoketolase, an enzyme involved in the pentose phosphate pathway. Thiamine stimulated
the growth on fructose, mannose, and sucrose, suggests that these carbohydrates were not
exclusively catabolized via the Embden- Meyerhof pathway (Lauret et al., 1996) and thiamine is
essential for heterofermentative LAB (Carr, 1958).
Biotin was proved as stimulatory for the growth of most LAB when provided in sufficient
amount (Tripuraneni, 2008). In another study biotin was found essential for five strains of LAB
(Carr, 1958). In addition, biotin was found non-essential for some strains of LAB while biotin
requirement is a function of the carbohydrate used (Garvie, 1967; Pingitore, Hebert, Sesma, &
Nader-Macias, 2009; Snell, 1989). Ascorbic acid was found to have no effect on the growth of
some LAB strains (Foucaud et al., 1997) and essential for other strains (Lechiancole et al., 2002;
Wegkamp et al., 2010). Ascorbic acid is not essential for LAB growth rather than it is required
for antioxidant effect. Removing of ascorbic acid from chemically defined medium for S.
thermophilus was possible only if replaced by a protective agent against oxygen such as
dithiotreitol (Letort & Juillard, 2001). Therefore, vitamin requirements have wide range of
variety among LAB strains whereas most LAB strains can’t grow in the absolute absence of all
vitamins.
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3.2 Cultivation Media of Lactic Acid Bacteria
3.2.1 Background. The formulation of LAB cultivation media is considered a difficult
task (Vera Pingitore et al., 2009) due to the complex growth requirements of LAB which also
varied among species and even strains (Atlas, 2006). The composition of LAB media have
significant effect on biomass growth, exopolysaccharide, and lactic acid production (AdebayoTayo & Onilude, 2009). Since LAB are used in many applications in regard to human, animal,
and plants, much of the scientific’ research has focused on understanding LAB characteristics,
functionality, and cultivation conditions for improved successful applications (Berg, 2009;
Macklaim et al., 2011; Musa et al., 2009; Shah, 2000). It is now clear that LAB require good
cultivation conditions for any research or commercial applications. Cultivation conditions of
LAB are very much depending on the availability of the required nutrients and composition of
growth medium (Hébert, Raya, & Giori, 2004; Macedo et al., 2002). Thus, the last century has
shown extensive research to identify the nutritional requirements and to develop efficient growth
media for LAB (Snell, 1989). LAB media need to be supplemented with glucose, different
peptide or nitrogen sources, minerals, vitamins, and surfactant. Culture media are used for
enumeration, isolation, and maintenance of pure bacterial cultures. Culture media can also be
used for bacterial identification according to their biochemical and physiological properties.
The last century has shown very much development on the growth media for LAB. In
1920s, it was demonstrated that L. acidophilus and L. bulgaricus grow poorly in peptone sugar
agar medium and invented a new medium using tomato juice as the basic component (Kulp,
1927). Later in the 1930s this media was improved to form the whey and tomato medium. In
1940s when whey and tomato juice agars failed to give consistent results, a medium from
dehydrated ingredients called trypticase sugar agar was developed (McLaughlin, 1946).
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Following that, an improved medium for lactobacilli based on whey and tomato juice called
BRIGGS (Briggs, 1953) and LAE (Lactic-Agar-Elliker) medium for streptococci and lactobacilli
growth (Elliker, Anderson, & Hannesson, 1956) were invented. However, a number of
lactobacilli strains were found not to grow in any of these media, therefore, a rich, complex, and
nonselective media that can support the growth of lactobacilli in general was developed, deManRogosa Sharpe (MRS; (de Man et al., 1960). In the 1970s, Lowrie and Pearce observed that not
all LAB strains, especially those of streptococci, grew well when inoculated into MRS and
devised a new medium, designated M16 (Lowrie & Pearce, 1971). M16 was improved later to
form the known M17 medium (Terzaghi & Sandine, 1975). Different laboratory media have
been proved suitable for LAB growth such as BRIGGS, reinforced clostridial agar (RCM),
tryptose proteose peptone yeast extract (TPPY), and Lactobacilli-Streptococci Differential
(LSD). Table 5 summarizes the common media for cultivation of LAB. However, MRS and M17
have remained the most common used standard media until today date for them showing
constant support for LAB growth.
Table 5
Most Used Media for General Cultivation of LAB
Media

LAB strain

Reference

deMan-Rogosa Sharpe (MRS)

Lactobacilli

(de Man et al., 1960)

Rogosa agar (RA)

Lactobacilli

(Rogosa et al., 1951)

Lactic-Agar-Elliker (LAE)

Streptococci

(Elliker et al., 1956)

Lysogeny Broth (LB)

Lactobacilli
and Streptococci

(Bertani, 1951)

Ascorbic acid, di-sodiumGlycerophosphate (M17)

Streptococci

(Terzaghi & Sandine,
1975)
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Table 5
(Cont.)
Media

LAB strain

Reference

LAMVAB

Lactobacilli

(Hartemink, Domenech, &
Rombouts, 1997)

Tryptose proteose peptone yeast extract
(TPPY)

Lactobacilli
and Streptococci

(Bracquart, 1981)

Tomato juice-Agar (BRIGGS)

Lactobacilli

(Briggs, 1953)

Lactobacilli-streptococci Differential
(LSD)

Lactobacilli
and Streptococci

(EIoy & Lactose, 1997)

Lactobacilli selective agar (LBS)

Lactobacilli

(Mitsuoka, Terada, &
Morishita, 1973)

Reinforced clostridial agar (RCA)

Lactobacilli &
Lactococci

(Ellner, 1956; Smith,
1961)

Streptococcus thermophilus agar (ST)

Streptococci

(Guss & Delwiche, 1954)

3.2.2 Standard media MRS and M17. MRS and M17 appear to be especially
convenient for LAB culture containing complex nitrogen supplementations including peptone,
yeast extract, and meat extract in addition to other essential nutrients. Compositions of original
and most common available commercial MRS and M17 media in the United States are shown in
Tables 6 and 7. MRS and M17 are the most common nonselective standard media used for
cultivation of lactobacilli and streptococci respectively. However, the use of these media is
limited to the academic purposes owing their high cost. Other factors such as limited nutrient and
fast drop in pH may also affect the use of these media.
According to the compositions of MRS and M17, glucose and lactose are the only used
sugars respectively. M17 contains di-sodium-glycerophosphate which has sufficient buffering
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capacity to maintain the pH above 5.7 of actively growing cultures even after 24 hours at 30°C.
Glucose is a simple sugar which is the most preferred carbon and energy source for most
microorganisms (Kim et al., 2009). Depletion in glucose will encourage the use of other sources
of carbon and energy such as yeast extract, beef extract, and peptone (Deutscher, 2008). Yeast
extract, beef extract, and peptone expensive components and required several steps to be utilized
for energy (Kim et al., 2009).
Table 6
Chemical Compositions of Commercial Lactobacilli MRS
Composition of MRS broth for 1 liter of medium
(g/L)
MRS
Merck2
Neogen3
Sigma4
Difco5
(original)1

Component
Peptone

10.0

10.0

10.0

10.0

10.0

Beef extract

10.0

8.0

10.0

10.0

10.0

Yeast extract

5.0

4.0

5.0

5.0

4.0

Dextrose (Glucose)

20.0

20.0

20.0

20.0

20.0

Sodium acetate CH3COONa

5.0

5.0

5.0

5.0

5.0

1.0mL

1.0mL

1.0mL

1.0mL

1.0mL

Disodium phosphate Na2HPO4

2.0

0.0

2.0

2.0

2.0

Ammonium citrate NH4C6H5O7

2.0

2.0

2.0

2.0

2.0

Magnesium sulfate
MgSO4.7H2O

0.2

0.2

0.1

0.1

0.1

Manganese sulfate
MnSO4.5H2O

0.05

0.04

0.05

0.05

0.05

Dipotassium phosphate
K2HPO4

2.0

2.0

0.0

0.0

0.0

5.7±0.2

6.5±0.2

6.5±0.2

6.5±0.2

Tween 80

Final pH at 25ºC
1

6.2-6.6
2

3

4

5

(de Man et al., 1960) (Merck, 2012b) (Neogen, 2012) (Sigma-Aldrich, 2012a) (Difco, 2011)

60
Table 7
Chemical Composition of Commercial M17
Composition of M17 broth for 1 liter of medium
(g/L)
M17
(original)1

Oxoid

SigmaAldrich3

Merck4

Difco5

Tryptone peptone

5.0

5.0

2.5

2.5

5.0

Polypepton

5.0

0.0

0.0

0.0

0.0

Soya peptone

0.0

5.0

5.0

5.0

5.0

Beef extract

5.0

5.0

5.0

5.0

5.0

Yeast extract

2.5

2.5

2.5

2.5

2.5

Ascorbic acid

0.5

0.5

0.5

0.5

0.5

Magnesium sulphate

1.0

0.25

0.25

0.25

0.25

Di-sodium-glycerophosphate

19.0

19.0

19.0

19.0

19.0

Lactose

5.0

0.0

5.0

5.0

0.0

Meat peptone

0.0

0.0

2.5

2.5

0.0

7.15±0.05

6.9 ± 0.2

7.2 ± 0.2

6.9 ± 0.2

Component

pH (at 22-25°C)
1

2

3

2

7.0 ± 0.2
4

5

(Terzaghi & Sandine, 1975) (Oxoid, 2012) (Sigma-Aldrich, 2012b) (Merck, 2012a) (Difco, 2012)

Yeast extract, meat extract, and peptone are very essential ingredients of LAB media
providing several amino acids and peptides. In general, LAB strains have high demand for
diversified peptidic sources and these ingredients contain different peptides that can satisfy most
of LAB strains need (Vazquez et al., 2004). These ingredients are also considered a great source
of several vitamins such as thiamine, riboflavin, thymidine, folic acid, and inosine. These
vitamins were found essential or stimulatory factors for many LAB strains (Foucaud et al., 1997;
Vera Pingitore et al., 2009). Therefore, yeast extract, meat extract, and peptone are commonly
included in most LAB media. Tween 80 is another essential ingredient in LAB media. Tween 80
was found in several studies to improve the growth of different LAB strains (Briggs, 1953; de
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Man et al., 1960; Jenkins & Courtney, 2003). It is believed that Tween 80 can increase the
membrane fluidity of LAB cells and can protect the cells from different environmental
conditions such as low pH, deleterious effects of oxygen, and extreme temperatures (Bâati et al.,
2000; Jacques & Hunt, 1980; Suutari & Laakso, 1992). De Man and others (1960) have
demonstrated the essential role of Tween 80 and include 1 ml into MRS.
Mg2+ and Mg2+ are essential metal ions for the growth of most microorganisms including
most LAB strains (Amouzou et al., 1985; Foucaud et al., 1997; Silver & Jasper, 1977; Wegkamp
et al., 2010). It has been reported that at least trace amounts of Mn2+ is required for the growth of
most microorganisms including LAB (Silver & Jasper, 1977). On the other hand Mg2+ stimulated
the growth and improved the survival of LAB strains (Amouzou et al., 1985). Other minerals that
are generally required for LAB growth such as K+ and Na+ were included in the MRS in the form
of buffering agents. In most commercial MRS media dipotassium phosphate K2HPO4 was
excluded (see Table 6). Minerals such as Ca2+, Fe2+, Zn2+, Co2+, and Cu2+ that are essential for
some LAB strains (Foucaud et al., 1997) are absent in both MRS and M17 except for low
amount in ether beef extract, yeast extract, or peptone. The absence of these minerals may limit
the ability of MRS and M17 to support the growth of some LAB strains.
3.2.3 Chemically defined media. Due to the fastidious nutritional requirements of LAB,
general growth media are usually complex and rich in many nutrients. A rich media such as
MRS and M17 composed mostly of complex components such as yeast extract, peptone, and
beef extract. Such a complex laboratory media cannot be used to study the nutritional
requirements or the metabolic engineering and metabolic activity of LAB (Lechiancole et al.,
2002; Letort & Juillard, 2001; Wegkamp et al., 2010). Therefore, several chemically defined
media (CDM) have been developed for LAB. CDM can be used for different research purposes,
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including investigations of the nutritional requirements, identification of specific components,
and isolation of auxotrophic mutants (Hébert, Raya, & Giori, 2004). For example, studying the
metabolic activities of LAB, including the isolation of bioactive molecules, require a CDM that
can support sustained growth of LAB at a constant specific growth rate (Hébert, Raya, & Giori,
2004). By using the CDM medium, auxotrophies of L. plantarum was studied with respect to the
requirements for different amino acids and vitamins (Morishita et al., 1981; Teusink et al., 2005).
The minimum growth requirements of S. thermophilus for exponential growth were also
established (Letort & Juillard, 2001). In addition, complete CDM can be used to determine the
requirements of lactobacilli for nucleotides or different DNA precursors and subsequently, for
essential or nonessential status (Elli et al., 2000).
General growth media have many limitations in regard of supporting the growth and
functionality of individual LAB strain. Therefore, several CDM have been formulated to serve
specific genera of even specific strain of LAB or to serve a specific defined purpose. With this
aim, a CDM to support a high cell density of lactococci, enterococci, and streptococci (Zhang et
al., 2009), a minimal CDM for exponential growth of S. thermophilus (Letort & Juillard, 2001), a
food grade media for culturing L. plantarum (Sawatari et al., 2006), a minimal CDM medium for
the growth of L. plantarum (Wegkamp et al., 2010), a CDM for the growth of Leuconostoc
mesenteroides (Foucaud et al., 1997), a selective medium for isolation of lactobacilli from faeces
(Hartemink et al., 1997), an optimized media for the growth of L. sakei (Lechiancole et al.,
2002), and many other CDM were developed.
CDM have been used widely to study the metabolic activities and functionality of LAB.
CDM and semidefined media can provide greater biomass yields and more focusing on
metabolism and regulation for research purposes (Lechiancole et al., 2002; Zhang et al., 2009).

63
The use of CDM enable researchers to better control the data, avoid data interpretations, and
obtain desirable cell growth thus to study gene regulation, protein expression, and metabolic
fluxes (Zhang et al., 2009). Adding or removing components from a CDM can target specific
characteristic, specific metabolic activity, and/or specific nutritional requirement (Letort &
Juillard, 2001; Sawatari et al., 2006; Wegkamp et al., 2010). In addition, the complicated
interactions among complex components in complex media can be minimized and the target
metabolites can be easily detected.
In general, CDMs were not developed for general cultivation of LAB. CDMs are being
developed to serve specific purpose. Since CDMs were developed to study specific characteristic
of specific LAB genera or strain (Letort & Juillard, 2001; Zhang et al., 2009), the level of
growth on CDMs has typically been far less than that obtained with rich complex media (Zhang
et al., 2009). For example, to determine the required nutrients and their concentrations, CDM
was optimized by biochemical studies or by using a single factor approach which examines one
nutritional factor at a time (Letort & Juillard, 2001; Wegkamp et al., 2010). However, this type
of experiments could be inefficient for testing multiple components or testing the important
interactions between components in complex media (Zhang et al., 2009).
3.2.4 Limitations and challenges. Several media including MRS and M17 have been
developed for deferent purposes with regard to LAB including research and industrial
applications. However, existing media did not satisfy all industrial applications and research
requirements of LAB. Standard media such as MRS and M17 have many limitations and
negative characteristics that limited their use for academic research. In general MRS and M17
are very much expensive, require specific preparation steps, and need long incubation time
(Djeghri-Hocine, Boukhemis, & Amrane, 2010; Vazquez et al., 2004). The cost and incubation
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time are the most important issues with regard to industrial use. Cost is mainly introduced by the
costly nitrogen sources such as beef extract, yeast extract, and peptone (Altaf et al., 2007; B.
Djeghri-Hocine et al., 2007; Gaudreau, Renard, Champagne, & Van Horn, 2002; Vazquez et al.,
2004). MRS could not meet with industrial cultivation purposes. Therefore, several media for
starter cultures cultivation on industrial scale were developed (Sawatari et al., 2006). These
limitations have very much impact on the growth and functionality of LAB in addition to limit
the use of standard media to academic purposes.
The media composition has number of factors claimed to affect the growth and
functionality of LAB such as available nutrients and buffering capacity. The fastidious
characteristic of LAB, the ability of LAB strains to produce acid and antimicrobial compounds,
and the variations in nutritional requirements among LAB strains have added more limitations on
developing general growth media. Limitations with regard to media composition include, but are
not limited to, availability of certain essential molecules that are required for cell metabolism, the
production of organic acids that cause the pH to drop down resulting in antimicrobial effect, lack
of nutrients during exponential growth, lack of essential minerals such as Fe2+ and Ca2+ that are
required by some LAB strains, and lack of different carbon sources that are required or preferred
by some LAB strains (Leroy & De Vuyst, 2001; Loubiere, Cocaign-Bousquet, Matos, Goma, &
Lindley, 1997). These limitations are due to the fact that LAB strains have wide range of
variations in the growth requirements and that caused much of complexity in forming the general
growth media for LAB.
Bacterial cell growth mainly relies on the environmental conditions and nutritional
requirements. Environmental factors including temperature, pH, water activity, redox potential,
and the presence of inhibitory compounds have significant effect on the bacterial growth. These
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environmental factors and nutritional requirements have a wide range of variations among LAB
strains. For example, the maximum growth and biomass for some LAB strains was achieved by
optimizing a combination of temperature and pH (Lechiancole et al., 2002). Thus, several studies
have been carried out to improve the existing media, especially MRS, or to formulate a new
media for culturing, differencing, and/or isolating LAB strains. With this aim, many studies have
been conducted and we found it useful to list group of these studies in Table 8.
Table 8
Studies Focused on Improving Existing Media or Formulation New Media for LAB

Base media
MRS

Developed
media

Supplement

LAB species
L. delbrueckii
subsp.
bulgaricus

Reference

MRSF

Fructose

(Tabasco et al., 2007)

MRS 5.2

HCL

MRSM

Maltose

MRSB

Bile (0.15%
w/v)

(Lima et al., 2009)

MRS-Salicin

Salicin

(Dave & Shah, 1996;
Hull & Roberts, 1984b)

MRS-Sorbitol

Sorbitol

(Dave & Shah, 1996)

MRSClindamycin

Clindamycin

(Van de Casteele et al.,
2006)

MRS-raffinose

Raffinose

(Hull & Roberts, 1984b)

MRS-LP

LP mixture

(Dave & Shah, 1996)
L. acidophilus

L. casei

(Hull & Roberts, 1984b;
Lankaputhra & Shah,
1996)

(Vinderola &
Reinheimer, 1999)

66
Table 8
(Cont.)

Base media

Developed
media

Supplement

LAB species

Reference

MRSB

Bile (0.15%
w/v)

(Vinderola &
Reinheimer, 1999)

MRS-salicin

Salicin

(Dave & Shah, 1996)

M17

Lactose,
aerobic (37 °C
for 24 h)

S. thermophilus

(Ravula & Shah, 1998)

M17L

Lactose,
aerobic (45 °C
for 24 h)

S. thermophilus

(Tabasco et al., 2007)

RCA

RCPB 5.0

HCL

BA

BAM

Maltose

L. acidophilus

(Tharmaraj & Shah,
2003)

BA

BA-sorbitol

Sorbitol

L. acidophilus

(Tharmaraj & Shah,
2003)

ST

ST1

Lactose or
sucrose

S. thermophilus

(Gancel & Novel, 1994)

LAE

Elliker+DAP

Diammonium
phosphate

S. thermophilus

(Barach, 1979)

M17

(Rybka & Kailasapathy,
1996)

The studies and applications of LAB have expanded during the last few decades
especially with regard to probiotic. Therefore, it is necessary to develop a new low cost LAB
media that can support the growth of LAB in research and industry. However, several challenges
are associated with developing high quality media for LAB. Some essential nutrients of certain
strains may inhibit the growth of other strains. Metabolites that are produced by some strains
may inhibit the growth of other strains or the same strain. High content of some ingredients,
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especially minerals and fatty acids may inhibit or limit the growth or could be unsolvable in
water (Foucaud et al., 1997; Ibrahim et al., 2010). On the other hand, low concentrations may
cause fast depletion of nutrient that could negatively affect the growth of LAB (Leroy & De
Vuyst, 2001).
Food byproducts, agriculture products, and agriculture wastes, as low cost alternatives
and rich nutrient sources, were investigated in various studies to lower the cost of LAB media or
to produce beneficial products. These products can be used for lactic acid production
(Kurbanoglu, 2004; Yu et al., 2008), as main commercial product of LAB, or alternative low cost
nitrogen source (Burns et al., 2008; B. Djeghri-Hocine et al., 2007). Products and components
used for lactic acid production considered a good environment for LAB growth and metabolic
activity. Many of the tested food byproducts, agriculture products, and agriculture wastes were
able to show significant improvement on LAB growth and functionality compare to MRS when
the media were enhanced with little nutrients (Burns et al., 2008; Yu et al., 2008; Ziadi et al.,
2010). With this aim, several studies were carried out and we found it useful to list a group of
these studies in Table 9. Because MRS is known as standard media for LAB, most of these
studies have compared their results to that in MRS.
Growth media have several parameters and limitations with critical effect on bacterial
growth and functionality. Scientists are studying only few parameters at a time holding other
parameters constant. Several studies had focused on finding alternative ways to lower the cost of
the available media (Aguirre et al., 2008; Burns et al., 2008; B. Djeghri-Hocine et al., 2007).
Some studies had focused on minimizing negative characteristics of the available media (Dave &
Shah, 1996; Tabasco et al., 2007; Yu et al., 2008), whereas others worked on enhancing LAB
functionality (Ibrahim et al., 2010; Palaciosa, Harosa, Sanzb, & Rosella, 2008; Raghavendra &
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Halami, 2009). Therefore, developing media for LAB that can deal with all or even most
parameters and limitations continue to be a challenge. In addition, a medium that can support
general growth of LAB is still an unsolved issue that needs to be given more attention in future
research.
Table 9
Studies on Evaluation of Low Cost Nitrogen Sources in LAB Media for Different Purposes
Aim of the
study*

Tested ingredient

*

Corn steep liquor

LCN, LA

Whey and buttermilk

Compare to
MRS

Reference
(Yu et al., 2008)

LCN, V

Higher LA
production
Suitable

De-lipidated egg yolk and yeast
autolysate
Mixtures of yeast and potato
extracts
Autohydrolysed fish viscera
hydrolysates

LCN

1 log lower

LCN, LA

Suitable at 50%

(B. Djeghri-Hocine et
al., 2007)
(Gaudreau et al., 2002)

LCN, B,
Bacteriocins

Equal

(Vazquez et al., 2004)

Ram horn

LA

No

(Kurbanoglu, 2004)

Red lentil flour and baker yeast
with wheat bran

LCN, LA

No

Cocoa powder

V

No

(Altaf, Naveena,
Venkateshwar, Kumar,
& Reddy, 2006)
(Ricci, Borgo, Ferrario,
& Fortina, 2011)

Papain-hydrolysed whey

LCN, LA, B

Suitable

(Ziadi et al., 2010)

Cassava bagasse and sugarcane
bagasse

LCN, LA

Suitable

(John, Nampoothiri, &
Pandey, 2006)

(Burns et al., 2008)

LA: lactic acid production, LCN: low cost nitrogen source, B: biomass, V: Enhance viability.
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3.3 Sweet Potatoes: An Alternative Cultivation Medium for Lactic Acid Bacteria
3.3.1 Sweet potatoes. Potatoes, in general, play a major role in the food industry and
human nutrition. There are always possible ways to enhance the contributions of potatoes to the
food industry. Potatoes differ in terms of taste, flavor, texture, and nutrients. Potatoes include
the common potato, yam, and sweet potato (see Table 10). Sweet potato is belong to an entirely
different plant family than yams or the common potatoes (Mateljan, 2007). In terms of
production, sweet potato is the seventh most important food crop in the world being produced for
both leaves and tubers (Padmaja, 2009). In East Africa’s semiarid, thousands of villages depend
on sweet potatoes for food security. In the developed world, sweet potatoes are considered
nutritional tasty food that can be served baked, fried, and in pies.
Table 10
Types of Potato and Families in USA
Type of Potato

Botanical Family

Botanical Genus

Botanical Species

Common U.S. Potato

Solanaceae

Solanum

S. tuberosum

Sweet Potato

Convolvulaceae

Ipomoea

I. batatas

Yam

Dioscoreaceae

Dioscorea

D. alata

In the United States, over 42,000 hectares of sweet potatoes primarily in the states of
North Carolina, Louisiana, Mississippi, California, Alabama, Arkansas, New Jersey and Texas
(USDA, 2012b). Different varieties of sweet potatoes have been developed, however,
Beauregard and Covington are the dominant commercial cultivars of sweet potatoes in the
United States (Stoddard et al., 2009). The state of North Carolina is the leading producer of
sweet potatoes in the United States. North Carolina growers produce 40% of the total production
of sweet potatoes in the United States with an average of 36,000 acres under production of sweet
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potatoes per year (USDA, 2008). During the last 10 years, the yield of agricultural production for
sweet potatoes in the state of North Carolina has shown significant increases.
3.3.2 Nutritional value of sweet potatoes. Sweet potatoes are one of the oldest
vegetables known to human. Sweet potatoes have been consumed dating back 10,000 years and
were discovered in Peruvian caves (Mateljan, 2007; Padmaja, 2009). They are not always
orange-fleshed on the inside but can also be a spectacular purple color. Sweet potatoes are rich in
several nutrients (see Table 11) and contribute to many health benefits including cardiovascular
health, controlling blood sugar, and lowering glycemic score (Broihier, 2006). This starchy root
vegetable is considered a good source of carbohydrates (mainly starch and sugars), some amino
acids, antioxidants, vitamins, minerals, and dietary fiber (Broihier, 2006; Mu, Tan, & Xue, 2009;
Padmaja, 2009). Sweet potatoes have also other minor nutrients such as triglycerides, linoleic
acid, and palmitic acid (Padmaja, 2009). Sweet potatoes are rich of carbohydrates with around
80–90% of the total dry material. Content of carbohydrates varies depending on the cultivars,
cultural practices, and climate (Padmaja, 2009).
Table 11
Nutritional Values of Sweet Potato (Ipomoea batatas)
Analysis of nutrients value per 100 g
Nutrient

Raw

Baked

Water

77.28g

75.78g

Protein

1.57g

2.01g

Total lipid (fat)

0.05g

0.15g

Fatty acids

0.033g

0.1g

Total carbohydrate

20.12g

20.71g

3.0g

3.3g

Fiber, total dietary
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Table 11
(Cont.)
Analysis of nutrients per 100 g
Nutrient

Raw

Baked

Sugars, total

4.18g

6.48g

Starch

12.95g

10.93g

30mg

38mg

0.61mg

0.69mg

Magnesium, Mg

25mg

27mg

Phosphorus, P

47mg

54mg

Potassium, K

337mg

475mg

Sodium, Na

55mg

36mg

Zinc, Zn

0.30mg

0.32mg

Manganese, Mn

0.26mg

0.27mg

Selenium, Se

0.6mg

0.6mg

0.078mg

0.107mg

Folate

11mcg

6mcg

Vitamin C, total ascorbic acid

2.4mg

19.6mg

0.557mg

1.487mg

709mcg_RAE

961mcg_RAE

Vitamin A, IU

14187IU

19218IU

Vitamin E (alpha-tocopherol)

0.26mg

0.71mg

Riboflavin

0.061mg

0.106mg

Vitamin K (phylloquinone)

1.8mcg

2.3mcg

0.209mcg

0.286mcg

Minerals
Calcium, Ca
Iron, Fe

Vitamins
Thiamin

Niacin
Vitamin A, RAE

Vitamin B-6
Source: USDA National Nutrient data base (USDA, 2012a)
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Carbohydrates in raw sweet potatoes are mainly starch (60-70%) in addition to cellulose,
hemicellulose, pectins and sugars (Padmaja, 2009). Starch in raw sweet potato is composed of
about 35% amylose and 65% amylopectin while sugars are mainly sucrose, glucose, and fructose
(Padmaja, 2009). Maltose could not be detected in raw sweet potatoes but is found in cooked
sweet potatoes with the highest amount in baked sweet potatoes (Purcell & Walter Jr, 1988).
Sweet potatoes also contain non-starch polysaccharides (dietary fiber) including cellulose,
hemicellulose, and pectin. Total dietary fiber in raw sweet potatoes is 7.0% which decreased
during baking to as low as 3% (Purcell & Walter Jr., 1988).
Sweet potatoes contains 0.49% to 2.24% (average of 1.5%) crude protein on a fresh
weight basis based on different cultivars (Purcell & Walter Jr, 1982). Proteins and amino acids in
sweet potatoes have been well-studied for stability, composition, and solubility (Mu, Tan, &
Xue, 2009; Purcell & Walter Jr, 1982). Many factors besides cultivar differences like cultural
practices and environmental influences have been found to effect the protein content of sweet
potato (Padmaja, 2009). Sweet potato protein is found to be highly soluble in distilled water over
a wide range of pH levels (Mu et al., 2009). Cooking procedures could cause slight changes in
amino acid contents of sweet potatoes; however, baking is the least cause of these changes
(Purcell & Walter Jr, 1982). Sweet potato amino acids are mainly aspartic acid (18.5%) and
glutamic acid (9.30%) whereas other essential acid amino acids form 40.7% of the total protein
(Mu et al., 2009). Other important amino acids include: Threonine 6.7%, Serine 7.2%, Cystine
3%, Arginine 5.3%, Proline 4% (Mu et al., 2009).
Sweet potatoes are rich source of vitamins including: vitamin A, vitamin C, thiamin (B1),
riboflavin (B2), niacin, and vitamin E (Padmaja, 2009; USDA, 2012a) . Sweet potatoes are now
recognized as one of the best sources of vitamin C and vitamin A. Vitamin A is present in higher
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amounts in the orange sweet potatoes as β-carotene (Padmaja, 2009). The amount of carotenoids
in the sweet potatoes will decide the color which ranges from white, cream, light orange and dark
orange (Padmaja, 2009). Baking of sweet potatoes can retain more vitamins including ascorbic
acid, niacin, riboflavin, K, and A (Padmaja, 2009; USDA, 2012a). Finally, sweet potatoes
contain a trace amount of different essential minerals including: Calcium, Iron, Magnesium,
Phosphorus, Potassium, Sodium, and Zinc.
Nutritional benefits of sweet potatoes cannot be achieved unless good cooking methods
are applied such as baking, steaming, or boiling (Mateljan, 2007; Padmaja, 2009). Cooking has
also been reported to increase the digestibility of sweet potato starch. Sweet potatoes are often
cooked with its skin, until it becomes soft and mealy. The cooking procedures have a significant
effect on the structure and biochemical changes in sweet potato (Padmaja, 2009). However,
baking is the best cooking method for sweet potatoes in order to achieve the highest nutritional
values and benefits. Baking in a convection oven has several advantages over other cooking
methods including maintaining the highest available beneficial nutrients such as amino acids,
alcohol soluble, carbohydrates, reducing sugars, and dextrin in addition to less starch (Mateljan,
2007; Padmaja, 2009; Purcell & Walter Jr, 1988; Sistrunk & Reddy, 1980). Baked or microwave
cooked sweet potatoes contain more reducing sugars, total sugars and pectin than boiled or
steamed roots (Padmaja, 2009; Sistrunk & Reddy, 1980). Therefore, sweet potatoes must be
baked to obtain the highest benefits and nutritional value.
3.3.3 Sweet potato vs. MRS. Since LAB are recognized as fastidious with nutritional
requirements, LAB media must meet these numerous requirements. MRS has been known for
decades as standard laboratory media for LAB growth and research purposes. MRS is convenient
for LAB cultivation containing different nitrogen sources, and essential nutrients such as
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vitamins and minerals. On the other hand, sweet potatoes are rich in various numbers of nutrients
which may introduce sweet potatoes to be used in developing a medium for cultivation of LAB.
Comparison between sweet potatoes and MRS composition is shown in Table 12. This
comparison can clarify the ability of sweet potatoes to be suitable for the growth of LAB.
Table 12
Nutrients Comparison between MRS and Sweet Potatoes in Regard to Nutritional Requirements
of LAB

Nutrient

MRS
(For 1 liter of media)

Sweet potato
(For 100g baked sweet
potato)

Required for
LAB

Carbohydrate

Glucose (dextrose)
Total of 20 g

Total of 21 g
Glucose (dextrose)
Fructose
Maltose
Starch
Sucrose

Energy and
carbon source

Protein

Peptone
Meat extract
Yeast extract
Total of 25 g

Total of 1.57g
Plant protein

Nitrogen source

Fat and
surfactant

Tween 80
Total of 1 g

Total of 0.05g
Plant fat

Vitamins

Peptone, meat extract, and
yeast extract are the main
vitamin sources in MRS

niacin
vitamin E
vitamin D
vitamin B-6
vitamin C

Vitamins are
generally
essential for
LAB growth
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Table 12
(Cont.)

Nutrient
Minerals

MRS
(For 1 liter of media)
Phosphate
Ammonium citrate
Magnesium
Manganese
Sodium

Sweet potato
(For 100g baked sweet
potato)
Calcium, Ca
Iron, Fe
Magnesium, Mg
Phosphorus, P
Potassium, K
Sodium, Na
Zinc, Zn
Copper, Cu Manganese,
Mn Selenium, Se

Required for LAB
Trace amount of
different minerals
are generally
essential for LAB
growth

The main nutrient that is low in sweet potatoes and very important for LAB growth is
nitrogen. There are several available sources for nitrogen that can be used to supplement sweet
potatoes such as peptone, beef extract, and yeast extract. Nitrogen sources are expensive and
may lead to expensive media. However, sweet potatoes contain a low amount of protein and
sweet potatoes are rich in many nutrients which may fully or partially satisfy requirements of
LAB. Nutrients found in sweet potatoes such as different vitamins (ex. A, C, riboflavin (B2),
niacin, and E) and different minerals (ex. calcium, iron, and zinc) can’t be found in MRS without
supplementation or the use of high amount of the expensive nitrogen sources such as beef
extract, yeast extract, and peptone. The variety in sugars that are available in sweet potato might
better support the growth of different strains of LAB as some strains like L. acidophilus prefer
maltose (Dave & Shah, 1996) while other strains like L. delbrueckii subsp. Bulgaricus prefer
fructose (Tabasco et al., 2007). Because MRS doesn’t contain any of maltose, sucrose, or
fructose, sweet potatoes might provide a better choice for general cultivation of LAB.
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CHAPTER 4
Enzymatic Activity of Lactic Acid Bacteria Including α/β-Glucosidases and Phosphatases
4.1 Enzymatic Activity of Lactic Acid Bacteria
Lactic acid bacteria are important in fermentation processes of an array of food products in
addition to them providing many health benefits to humans, animals, and plants. The overall
activities of this group of bacteria depend on the unique enzymatic activity and organoleptic
properties. LAB can metabolize carbohydrates, proteins, fatty acids, and other food components
by wide range of converting enzymes. LAB are known for the ability to adapt different
ecosystems causing changes in the metabolic properties and enzymatic activities of different
LAB strains. For example, different LAB strains were able to adopt the gastrointestinal tract of
humans and animals converting many health benefits. However, it has been established that the
beneficial effects and suitable enzymatic activity of these probiotic bacteria can be expected only
when enough viable cells are ingested (Song et al., 2012). In addition, the enzymatic activity
within the cells is dependent on the viability of the microorganisms.
One of the most important probiotic characteristics of LAB is their ability to alleviate
digestive problems in human that usually result from human incapability to digest complex
carbohydrates. These complex carbohydrates include many different oligosaccharides such as
glycosides, arylglucosides, alkylglucosides, raffinose, stachyose, verbascose, cellobiose,
cellooligosaccharides starch, amylose, and amylopectin in addition to disaccharides such as
lactose. Indigestibility problems of complex carbohydrates can result from the presence of
indigested carbohydrates or from low enzymatic activities of the corresponding enzyme.
Microorganisms including LAB that can possess α-glucosidase, α-galactosidase, β-glucosidase,
β-galactosidase, acid phosphatase, and phytase in addition to other functional enzymes can help
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solve several indigestibility problems including indigested carbohydrates (Mahajan, Desai, &
Lele, 2010; Zotta et al., 2007). These enzymes can be produced by an individual strain; αglucosidase, α-galactosidase, β-glucosidase, and β-galactosidase formally belong to the same
class (EC 3.2) while phosphatase and phytase belong to a different class (EC 3.1). However, α/βglucosidases and phosphatases are among the most important enzymes that contribute to many
health benefits. In this study we will focus on the important role of α/β-glucosidases and
phosphatases in hydrolyzing different indigestible sugars and fibers.
4.2 Alpha–glucosidase
Alpha –glucosidase (α-D-glucoside glucohydrolase, EC 3.2.1.20) is responsible for
hydrolyzing glycosidic bonds and releasing α-glucose from the non-reducing end of the substrate
chain. This enzyme can hydrolyze oligosaccharides, such as water soluble starch, disaccharides,
and glycogen (Krasikov, Karelov, & Firsov, 2001). α-Glucosidase hydrolyze different
carbohydrates including maltose, kojibiose, nigerose, isomaltose, phenyl-α-glucoside, phenyl-αmaltoside, oligosaccharides, maltodextrin, and amylose to liberate mainly α-glucose, which is an
inherent property of α-glucosidase (Krasikov et al., 2001). Therapeutically α-glucosidase has
been used in the treatment of Pompe disease (glycogen storage disease type II) which is caused
by a deficiency of this enzyme in humans (Hers, 1963). Industrially, the enzyme is used to
hydrolyze starch, in combination with amylase and pullulanase (Krasikov et al., 2001).
Therefore, α-glucosidase is an important carbohydrate-splitting enzyme to catalyze the
hydrolysis of α-glucosidic linkages.
4.2.1 Sources of α-glucosidase. α-Glucosidase is common among plants, animal tissues,
and microorganisms (Chan & Li, 1983; Krasikov et al., 2001; Yamasaki, Fujimoto, Kariya, &
Konno, 2005). Many plants have α-glucosidases such as rice seed, buckwheat, sweet potatoes,
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sugar beet, and barley (Yamasaki et al., 2005). In animals, α-glucosidases are found in different
tissues such as liver, heart, and skeletal muscles. Microorganisms have various types of αglucosidases that can be found in Pyrococcus furiosus, Aspergillus niger, A. oryzae, Bacillus
subtilis, and Bacillus cereus (Krasikov et al., 2001). In addition, most LAB strains have long
been known for the enzymatic activity of α-glucosidases. Examples of these LAB species
include: L. acidophilus, L. johnsonii, L. brevis, L. ruminis, L. salivarius, and L. plantarum
(Hendriksz & Gissen, 2011; Mahajan et al., 2010; O’ Donnell et al., 2011). Not all microbial αglucosidases are the same, α-glucosidase from Thermotoga maritima hydrolyzes ρ-nitrophenylα-D-glucoside, maltose, and maltotriose, but it does not hydrolyze starch, amylose, and
amylopectin.
4.2.2 Health benefits of α-glucosidase. Several food products from plant origin such as
wheat, barley, potatoes, beets, and soy products may contain complex carbohydrates such as
starch. Starch and other oligosaccharides can be degraded by pancreatic enzymes such as αglucosidase. Deficiency of α-glucosidase in human may cause glycogen storage disease type II.
This disease causes large amounts of glycogen to accumulate in the lysosomes of skeletal
muscle, heart, liver, spinal cord, and brain. Three forms of the disease have been described:
infantile, childhood, and adult. The infantile form is usually fatal, the childhood form usually
presents in the second year of life with proximal weakness and respiratory symptoms, and the
adult form consists of a slowly progressive proximal myopathy (Chan & Li, 1983). Myopathy is
a disease that usually affects muscle without involving the nervous system causing muscle
disorder and weakness. Therapeutically α-glucosidase is used in the treatment of glycogen
storage disease type II caused by deficiency of this enzyme in humans (Hers, 1963). Industrially,
the enzyme is used to hydrolyze starch, in combination with amylase and pullulanase (Kelly &
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Fogarty, 1983). The use of microbial α-glucosidase appears to be a promising solution for
degradation of some complex oligosaccharides (Mahajan et al., 2010).
4.2.3 Activities of α-glucosidase. α-Glucosidase catalyzes the hydrolysis of terminal 1,4α-D-glucose bonds that linked glucose residues in different substrates releasing α-D-glucose (see
Figure 2). α-Glucosidase breaks down starch and disaccharides to glucose. Enzymes that
catalyze the hydrolysis of terminal 1,4-linked α-D-glucose residues successively from nonreducing ends of polysaccharide chains with the release of α-glucose (Chan & Li, 1983).
Enzymatic reaction of α-glucosidase can be classified to:
Glycogen degradation:
(1,4-α-D-glucosyl)(n) + H2O <=> (1,4-α-D-glucosyl)(n-1) + α-D-glucose
Alpha-maltose degradation:
α-maltose + H2O <=> 2 α-D-glucose
Maltotriose degradation:
maltotriose + H2O <=> maltose + α-D-glucose

α-D-glucose
Figure 2. Chemical structure of glycogen.
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α -Glucosidases activity can be inhibited or enhanced according to the bacterial growth
environments and presence of different metal ions. The enzyme from L. acidophilus has the
optimum activity at pH 5 and temperature 37˚C. Chan and Li (1983) reported an initial pH of 6.5
to maximize α- glucosidase production of L. acidophilus, while Mahajan and others (2010) have
founded optimum pH of 6.0 for the production of cell wall-bound α-glucosidase. In addition, αglucosidase remained highly stable within the pH range 6.0–7.0 during 24 h of storage at
30±0.5°C and activity was found to increase with temperature increase with maximum activity at
50ºC (Mahajan et al., 2010). Chan and Li (1983) have reported a slightly higher incubation
temperature than 37 °C for the optimum production of α-glucosidase. α -Glucosidase activity
was inhibited by Hg2+, Cu2+, Ni2+, Zn2+, Ca2+, Co2+, urea, rose bengal, and 2-iodoacetamide, and
was stimulated by Mn2+, Mg2+, L-cysteine, L-histidine, Tris, and EDTA (Hendriksz & Gissen,
2011). The enzyme production from L. acidophilus was enhanced when 2% maltose was added
to the medium (Chan & Li, 1983; Hendriksz & Gissen, 2011). Yeast extract and proteose
peptone in combination were reported to produce higher levels of α-glucosidase (Chan & Li,
1983). In addition, Chan and Li (1983) reported the higher production of α-glucosidase using
yeast extract compared to MRS.
4.3 Beta-glucosidase
Beta-glucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21) comprises a
heterogeneous group of enzymes that are able to cleave the β-glucosidic linkages in cellulose and
oligosaccharides. β-Glucosidase can hydrolyse all four of the β-linked glucose dimmers, with a
hydrolysis rate order of : (β-1,4) > (β-1,3) > (β-1,2) > (β-1,6) to produce glucose monomers
(Sestelo, Poza, & Villa, 2004). These enzymes act on bonds that link two glucose molecules, or
glucose and substituted molecules such as disaccharides and cellobiose and release glucose. In
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addition, β-glucosidase can degrade some phenolic compounds (Ghabbour et al., 2011),
polyphenols (Meng, Maliakal, Lu, Lee, & Yang, 2004), and aroma compounds (Fan et al., 2011)
which can improve sensory characteristics of fermented food and provide additional health
benefit.
4.3.1 Sources of β–glucosidase. β-Glucosidase is common among plants, fungi, yeast,
and bacteria (Ghabbour et al., 2011; Jeng et al., 2011; Otieno et al., 2005). However, the
bacterial sources of β-glucosidase are reported to have the highest activity and the most tolerance
to inhibitors such as metal ions (Jeng et al., 2011). LAB strains are considered an important
bacterial source of β-glucosidase. Examples of these LAB species with β-glucosidase activities
including: L. reuteri, L. plantarum, L. acidophilus, L. casei, L. pentosus, Pediococcus
pentosaceus and L. brevis in addition to bifidobacteria (Ghabbour et al., 2011; Mahajan et al.,
2010; Otieno et al., 2005). Ghabbour et al. (2011) have reported L. plantarum for the highest βglucosidases activity.
β-Glucosidases have many applications in agriculture, biotechnology, industry, and
human health (Jeng et al., 2011). For example, cellulose considered the highest proportion of
plant wastes can be hydrolyzed by β-glucosidases for renewable energy and raw materials in
different applications. In addition, oligosaccharides are undigested sugars that contain fructose,
glucose and galactose as two or more units, linked by β-fructosidic and α-galactosidic linkages.
These linkages can be hydrolyzed by β-glucosidase to benefit the host organism (Otieno et al.,
2005). It has also been reported that oligosaccharides from fermented products are more
available to humans than those from unfermented products.
4.3.2 Activities of β–glucosidase. β-Glucosidase can hydrolyze the β-bond linkage in
deferent carbohydrates such as cellulose and oligosaccharides. Cellulose is largely composed of
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polymers of β-bonds linked thousands of glucose molecules. The hydrolysis of 1, 4-β-Dglucosidic linkages in cellulose will release cellobiose. Cellobiose, a disaccharide consists of
two glucose molecules linked by a β (1, 4) bond which can also be hydrolyzed by β-glucosidase
and release of glucose (see Figure 3).

Figure 3. Structure of cellulose and the location of β (1, 4) bond showing that β-glucosidase can
break down cellulose to glucose.
The enzymatic activity of β-glucosidase from bacterial sources can be affected by pH,
temperature, storage conditions, and presence of metal ions (Jeng et al., 2011; Mahajan et al.,
2010; Otieno et al., 2005). β-Glucosidase from L. acidophilus can remain stable within a pH
range of 6.0–7.0 during 24 h of storage at 30±0.5°C while increases in temperature cause
increases in activity with maximum activity at 50ºC (Mahajan et al., 2010). The effects of metal
ions on the enzymatic activity of β-glucosidase have been well documented. The addition of 10
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mM of Mn2+ has caused significant enhancement (150% to 230%) for β-glucosidase activity
while 10 mM of Zn2+ or Cu2+ has caused up to 90% reduction of β-glucosidase (Jeng et al.,
2011). β-Glucosidase activity was reported to decline over time while storage at -80˚C and 4˚C
showed the highest β-glucosidase activity compared to other storage temperatures (Otieno et al.,
2005) . Finally, β-glucosidase can be found in crude forms with other enzymes such as βgalactosidase and α-galactosidase, therefore, a specific assay for β-glucosidases and the use of a
specific substrate (ρ-nitrophenyl β-D-glucopyranoside) are required (Otieno et al., 2005).
4.4 Phosphatases
Phosphatases are group of enzymes that can hydrolyze the esters of phosphoric acid.
Phosphatases are present in all human tissues and cells such as body fluids, serum, semen,
kidney, and prostate. They are important in the absorption and metabolism of protein,
carbohydrate, nucleotides, and phospholipids in addition to calcification of bone. Phosphatases
can be grouped as acid phosphatases and alkaline phosphatases according to the optimal pH for
catalysis to of below or above pH 7 (Vincent, Crowder, & Averill, 1992). Phosphatases were
also classified to alkaline phosphatases, purple acid phosphatases, high-molecular-weight acid
phosphatases, low-molecular-weight acid phosphatases, and protein phosphatases (Vincent et al.,
1992; Wyss et al., 1999). Protein phosphatases can be divided to serine/threonine and tyrosine
phosphatases and they are responsible for protein phosphorylation (Wyss et al., 1999).
Phosphatases are critical in the human body due to them playing important metabolism activities.
However, some phosphatases that are required for food degradation and metabolism can be
found below the optimal requirements. Phosphatases can be found naturally in different
resources such as plants, animals, and microorganisms including bacteria and fungi. LAB have
been noticed for different phosphatases activity that can be used to provide different health
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benefits to human or animals or can be used in industrial applications. Overall, phosphatases
from LAB are thought to be involved in the dephosphorylation of phospho-peptides and proteins
during dairy fermentations and in the hydrolysis of phytate and their derivatives during cereal
and legume fermentation. Among the most important phosphatases that are produced by LAB are
phytase, acid phosphatase, and alkaline phosphatase. These enzymes are required for phytate
degradation and have an important role in dairy industry.
4.4.1 Phytase. Phytase is a generic term used to describe enzymes that hydrolyze
phosphomonoester bonds from phytic acid. Phytases (myo-inositol hexakisphosphate 3phosphohydrolases; EC 3.1.3.8 and myo-inositol hexakisphosphate 6-phosphohydrolases;
3.1.3.26) are a subfamily of the high-molecular-weight histidine acid phosphatases (Vohra &
Satyanarayana, 2003). Phytases are found in animals, plants, and microorganisms. They catalyze
phosphate monoester hydrolysis of phytic acid (myo-inositol hexakisphosphate) and phosphoric
acid (see Figure 4) to form the myo-inositol pentakis-, tetrakis-, tris-, bis-, and monophosphates,
as well as the liberation of inorganic phosphate and binding essential nutrients (see Figure 5;
(Gobbetti, De Angelis, Corsetti, & Di Cagno, 2005; Wyss et al., 1999).

Figure 4. Structure of myo-inositol hexakisphosphate (to the left) and phosphoric acid (to the
right).
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Figure 5. Degradation of phytate by phytase and liberation of binding essential nutrients.
Inositols can be classified as carbohydrates and they have exceptional chemical stability
and can be easily crystallized. Myo-inositol is the most biologically important inositol because of
its requirement for many biological functions and thus it is identified as an essential metabolite.
Myo-inositol is known to be a cellular precursor of phospholipids that serve as a source of
metabolic regulators and as membrane anchors for certain proteins. Some microorganisms
require exogenous myo-inositol for growth. Phytase production and activity in humans is
relatively low and is mainly in the small intestine (Iqbal, Lewis, & Cooper, 1994), so other
sources of phytase might be required. Phytases are produced by a wide range of plant, bacteria,
fungi, and yeast (B. Liu, Rafiq, Tzeng, & Rob, 1998; Simon & Igbasan, 2002). Microbial sources
of phytases including gut microbiota are the most promising sources for human health. Several
strains of LAB have been reported for their phosphatases activity including phytases. Examples
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of LAB strains with phytase activity including: L. reuteri, L. pentosus, L. rhamnosus, L. casei, L.
acidophilus, L. fermentum, L. plantarum, L. brevis, and L. curvatus (Dossonnet et al., 2000;
Haros, Bielecka, Honke, & Sanz, 2008; Palacios, Haros, Rosell, & Sanz, 2005; Reale et al.,
2004; Tang et al., 2010). Phytases activities of LAB strains against phytate can vary among
strains and can be affected by different factors such as temperature, pH, composition of growth
media, time, and metal ions (Haros et al., 2008; Palacios et al., 2005; Simon & Igbasan, 2002;
Sorimachi, 1987; Tang et al., 2010). However, LAB strains with active phytases usually have
low levels of activity against phytate (M. C. Palacios, M. Haros, Y. Sanz, & C. M. Rosell,
2008a).
Food from plant origin contains different type of insoluble fibers including phytate.
Phytate is the common name for myo-inositol-(1,2,3,4,5,6)-hexakiphosphate (InsP6). Phytate
can be found in cereals and other edible vegetable seeds such as legumes and nuts. Because
cereals, legumes and nuts are among the highly consumed foods, phytate is ingested in
significant quantities by humans. Phytate and other insoluble fibers are associated with many
health benefits such as reduced risk of diabetes and cardiovascular disease (Weickert et al.,
2005). Low fiber diets may contribute to several diseases such as constipation, obesity, colorectal
cancer, coronary heart disease, and type 2 diabetes (Katina, Salmenkallio-Marittla, Partanen,
Forssell, & Autio, 2006). Phytate is a naturally occurring compound in the form of phytic acid
which is responsible for the storage of phosphorus in plant tissues and acts as a phosphate
storage form. However, phytate has been found to act as an anti-nutrient which binds with
proteins, lipids, carbohydrates, and metal ions such as zinc, iron, calcium, and magnesium
forming complex molecules (see Figure 6). Binding with nutrients can form complexes that
strongly reduce the absorption of such essential nutrients (Greiner & Konietzny, 2006;
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Leenhardt, Levrat-Verny, Chanliaud, & Rémésy, 2005; López-González et al., 2008; Lopez,
Leenhardt, Coudray, & Remesy, 2002; Reale et al., 2004). The antinutritional properties of
phytate can be reduced through the enzymatic degradation to release the binding nutrients
(Reddy, 2002). It was revealed that the phytate degrading ability of the bacteria is due to phytase
and not due to acid hydrolysis (Raghavendra & Halami, 2009). Phytases can degrade phytic acid
and phytate and release phosphoric acid, minerals, protein, amino acids, and starch.
4.4.2 Acid phosphatase. Acid phosphatase (orthophosphoric monoester
phosphohydrolase, E.C. 3.1.3.2) is a widespread in nature and can be found in animals, plants,
fungus, and bacteria. Acid phosphatase is used to free attached phosphate groups from other
molecules during digestion (Golovan, Wang, Zhang, & Forsberg, 1999). This enzyme can be
used in many applications for human, animal, and plant health. For example, acid phosphatase
can be used by soil microorganisms to access organically bound phosphate nutrients. The
addition of acid phosphatase to animal feed can increase the digestibility and performance.

Figure 6. Phytate interaction with protein, starch, and minerals in a complex molecule in a
potential structure. Adapted from (Singh, Kunze, & Satyanarayana, 2011)
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In humans, this enzyme can help in solving the antinutrient effect of phytate and can help
in the degradation of different proteins and carbohydrates. Acid phosphatase hydrolyzes
phosphate esters liberating phosphate, showing optimal activity at a pH between 3 and 6 (Bull,
Murray, Thomas, Fraser, & Nelson, 2002). Acid phosphatase is among the phosphatases that
belong to the hydrolase class. Different types of acid phosphatase differ according to the tissue
and chromosomal origin, molecular weight, amino acid homology, sequence length, and
resistance to L(+) tartrate and to fluoride (Bull et al., 2002).
In bacteria, acid phosphatase can be divided into three classes: A, B, and C based on the
signature sequence patterns (Tham et al., 2010). Non-specific bacterial acid phosphatase alone or
in combination with phytase can be used to hydrolyze phytate into myo-inositol and phosphoric
acid (Tham et al., 2010). The specificity of acid phosphatase and phytase can partially overlap
since acid phosphatase produced by microorganisms have also phytase activity (Simon &
Igbasan, 2002). For example, acid phosphatase from Escherichia coli has shown bifunctional
enzyme that exhibit both acid phosphatase and phytase (Golovan et al., 1999). Therefore, several
studies have looked at both phytase and acid phosphatase for the purpose of phytate degradation
and nutrient release (Palaciosa et al., 2008; Raghavendra & Halami, 2009; Zamudio, González,
& Medina, 2001).
Milk contains a number of phosphatases, of which the acid and alkaline
phosphomonoesterases are well characterized. Acid phosphatase are more important for cheese
making than alkaline phosphatase owing cheese’s low pH and heat stability of acid phosphatase
(Akuzawa & Fox, 2004). After pasteurization, acid phosphatase is present in cheese and it is very
much active due to their relatively low optimum pH (~5.0). Acid phosphatase in cheese can also
come from LAB starter and can inﬂuence caseinolysis. During cheese ripening, the caseins are
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cleaved by rennet, plasmin, and bacterial proteinases into phosphorus-rich peptides which are
resistant to further proteolysis (Fox & Stepaniak, 1993). Complete hydrolysis of casein is
possible only through the combined action of proteinases, peptidases, and acid phosphatase
(Akuzawa & Fox, 2004; Fox & Stepaniak, 1993) . Thus, acid phosphatase from milk or starter
bacteria play an important role in cheese maturation and flavor development (Akuzawa & Fox,
2004). However, it is not known whether indigenous or bacterial acid phosphatase is mainly
responsible for dephosphorylation in cheese. However, acid phosphatase from cheese starter
bacteria can assess the contribution of milk acid phosphatase for faster cheese ripening. During
cheese ripening, acid phosphatase might contribute to the dephosphorylation of phosphopeptides
produced from casein by the coagulant, indigenous milk proteinases, and microbial proteinases
(Akuzawa & Fox, 2004). In addition, acid phosphatase is required in cheese manufacturing to
produce small peptides and free amino acids (Magboul & Mc Sweeney, 1999). Thus, starter
bacteria and milk enzymes can act synergistically with proteinases and peptidases during cheese
ripping (Akuzawa & Fox, 2004).
Acid phosphatase is located in the periplasmic space, external to the cell membrane.
Since this space is much more subject to environmental variation than the actual interior of the
cell, bacterial acid phosphatase is comparatively resistant to inactivation, denaturation, and
degradation, and also has a higher rate of activity compare to other sources (Bylund, Dyer, Feely,
& Martin, 1990). However, the enzymatic activity of acid phosphatase can be affected by the
environmental factors such as pH and temperature and by different nutritional factors including
metal ions, sugars, protein, and Tweens (Tham et al., 2010). These factors have been reported to
differ among bacterial species and even strains (Tham et al., 2010). Based on the pH optima,
most bacterial acid phosphatase in most LAB strains are in the range of pH 4-6 with optimum pH
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5 (Akuzawa & Fox, 2004; Haros et al., 2008; Palacios et al., 2005; Tham et al., 2010). The
thermostability of acid phosphatase was also studied. Acid phosphatase was reported in different
studies to stay stable when pre-heat treated at 40-60˚C for 15 min while an increase in the
temperature can cause significant decrease in the enzymatic activity of this enzyme (Tham et al.,
2010).
The enzymatic activity of acid phosphatase can be enhanced by both Ca2+ and Mg2+ with
higher effect of Ca2+ (Tham et al., 2010). It was suggested that temperature can dramatically
affect the substrate specificity of acid phosphatase (Tham et al., 2010). The enzyme from
thermophilic Bacillus strains was enhanced in the presence of 0.5 to 1.0% sodium chloride
(Aqel, 2012). The activity of acid phosphatase was enhanced in the presence of Mg2+ and Cu2+
but diminished by Co2+ and inhibited by Fe2+ (Aqel, 2012; Palacios et al., 2005). The effect of
Mg2+ on acid phosphatase might also differ in different microorganisms. Acid phosphatase from
L. curvatus was strongly inhibited by NaF and ZnCl2 at 1.0 mM and slightly inhibited by
hexametaphosphate, tripolyphosphate, or pyrophosphate at 1.0 mM concentrations (Magboul &
Mc Sweeney, 1999). NaCl and KCl have been reported to significantly increase the specific
activities acid phosphatase whereas LiCl can suppressed their enzymatic activity (Bylund et al.,
1990). The enzyme from thermophilic Bacillus strains was inhibited in the presence of 1%
Tween 80 or 1% Tween 20 for some strains and showed strong activity for other strains in the
presence of Tweens (Aqel, 2012) suggesting the strain dependent effect of Tweens.
4.4.3 Alkaline phosphatase. Alkaline phosphatase (EC 3.1.3.1) spread widely in nature
and can be found in many organisms including mammalians, fish, plants, fungus, and bacteria. It
can be also found in bone, liver, kidney, leukocytes, and adrenal cortex in mammalians. Alkaline
phosphatase is a hydrolase enzyme that is responsible for removing the phosphate group from
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different types of molecules including nucleotide, protein, and alkaloid (see Figure 7). This
enzyme is responsible for hydrolyzing a wide variety of phosphate monoesters and has optimal
activity at pH of 8-10.5 and the optimum temperature at 40 °C (Chávarri, Santisteban, Virto, &
De Renobales, 1998; Vincent et al., 1992).

Figure 7. Alkaline phosphatase removes the phosphate group.
In bacteria, alkaline phosphatase is located in the periplasmic space, external to the cell
membrane and it can be distinguished by the presence of three metal ions as of two Zn2+ and one
Mg2+ ions per subunit (Vincent et al., 1992). In milk, alkaline phosphatase can be obtained from
microbial source or from the milk itself. Indigenous alkaline phosphatase is concentrated in the
milk fat globule and would be concentrated in cheese. Alkaline phosphatase is a heat sensitive
enzyme. Thus this enzyme is used widely in the dairy industry as a marker the efficiency of
thermal pasteurization. A positive result of alkaline phosphatase is taken as a sign of improper
pasteurization or contamination with raw milk (Chávarri et al., 1998). LAB starter and nonstarter strains produce alkaline phosphatase which is fully inactivated by pasteurization (Fox &
Stepaniak, 1993). The activity level of alkaline phosphatase has wide differences among LAB
strains. In general, LAB strains have high acid phosphatase and low alkaline phosphatase activity
(Arora et al., 1990).
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Alkaline phosphatase is located in the external membrane of the bacterial cells,
therefore, bacterial alkaline phosphatase is comparatively resistant to inactivation, denaturation,
and degradation (Carpene & Wynne, 1986). The actual purpose of the enzyme is still not fully
understood. The simple hypothesis, that it is a mean for the bacteria to generate free phosphate
groups for uptake and use, thus enabling the cell to maintain an adequate supply of phosphorus
(Carpene & Wynne, 1986; Horiuchi, Horiuchi, & Mizuno, 1959). Alkaline phosphatase may
have a role in supplying phosphate to the cell from organic compounds, since in both
Escherichia coli and Thermus aquaticus it was found that inorganic phosphate repressed the
formation of alkaline phosphatase (Hartog & Daniel, 1992; Horiuchi et al., 1959). The enzyme
can hydrolyze suitable organic phosphate esters to release phosphate and thus enabling the cell to
maintain an adequate supply of phosphorus.
Several metal ions were studied for the effect on the enzymatic activity of alkaline
phosphatase. Because of the alkaline conditions that are required for this enzyme, metal cations
could not be tested above 40 mM (Hartog & Daniel, 1992). The specific activities of alkaline
phosphatase was found to significantly increased in the presence of 0.5 to 1.37 mM of Na+, K+,
or Li+ individually or in combination (Bylund et al., 1990). Zn2+ shows 20 and 30% inhibition at
1 mM and 10 mM respectively whearease Ca2+ and Mg2+ show 50% inhibition at 20 mM and
non-inhibitory at 1 mM (Hartog & Daniel, 1992).
4.4.4 Factors affecting phosphatases activity. Phosphatases are ubiquitous enzymes
that were identified in LAB and other groups of bacteria. Bacterial phosphatases are either
periplasmic or cell associated enzymes, with the exception of the phytases described in Bacillus
subtilis, L. amylovorus, and Enterobacter sp. which are extracellular (Vohra & Satyanarayana,
2003). However, lactobacilli strains activities against specific substrates for acid phosphatase and
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phytase were reported to be in the extracellular medium but associated to whole cell suspensions
(Palacios et al., 2005). The activity of phosphatases from bacterial sources are strain dependent.
LAB isolated from the gastrointestinal tract was reported as a better source of phosphatases
(Palaciosa et al., 2008). Strains of L. acidophilus and L. casei were reported to express the
highest phosphatases activity compare to other LAB strains in two different studies (Shirai,
Revah-Moiseev, García-Garibay, & Marshall, 1994; Tang et al., 2010). Another study has
reported the highest phosphatases activity for L. reuteri and L. salivarius (Palaciosa et al., 2008).
In another study L. plantarum followed by L. casei showed higher phytate-degrading activity
than other tested lactobacilli strains (Haros et al., 2008). Therefore, these studies have indicated
the strain dependent of phosphatases activity. Strains isolated from ecosystems containing
phytate; such as L. pentosus isolated from silage, L. reuteri isolated from human intestine, and L.
gasseri isolated from whole wheat showed higher phosphatase activities than other isolating
sources (Palacios et al., 2005). Therefore, the selections of LAB strain in addition to optimizing
the growth conditions are important factors to ensure the highest phosphatases activity.
The enzymatic activity of phosphatases differ in their pH optima, metal ion requirements,
substrate specificities, and possibly even reaction mechanisms (Wyss et al., 1999). The carbon
source present in the culture medium greatly influences the phosphatases activity (Haros et al.,
2008; Palacios et al., 2005). For example, L. casei showed the highest specific phytate-degrading
activity at glucose concentration of 2%, however an increase in twice the glucose concentration
dramatically decreased L. casei phytase activity (Haros et al., 2008). Phosphatases activities of
LAB were found to be maximal at the stationary phase of growth and to decrease with time
(Palacios et al., 2005; Tang et al., 2010). In addition, pH has a significant effect on LAB
phosphatases activity. Several reports have shown the maximum phosphatases activity at pH 5
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(Haros et al., 2008; Palacios et al., 2005; Reale et al., 2004; Tang et al., 2010). However, the fall
in pH due to lactic acid production by LAB caused a significant effect on phosphatases activity
while the optimum temperature for phosphatases activity was reported at 50˚C, when measured
at pH 5.0. (Shirai et al., 1994). In addition, the isolated enzyme retained above 40% of its
optimal activity when the temperature was maintained in the ranged of 37 to 60˚C (Palacios et
al., 2005).
Minerals such as Zn2+, Mg2+, Mn2+, and Ca2+ have important effects on LAB
phosphatases activity. The addition of Ca2+ and/or calmodulin (a calcium binding protein) to the
growth media was reported to enhance the phosphatase activity of LAB (Pallen & Wang, 1985;
Tang et al., 2010). High concentration of Zn2+ (above 0.1 mM) was reported to have inhibitory
effect on phosphatase whereas Zn2+ at lower concentration and Mg2+ above 1 mM were
required to maximize the phosphatases activity (Sorimachi, 1987). In addition, Mn2+ was
reported to stimulate a good phosphatases activity which may be explained by that many protein
phosphatases have Mn2+ (Pallen & Wang, 1985). The presence of inorganic phosphate in the
form of dipotassium phosphate and sodium phytate in MRS markedly reduced the phosphatases
activity and that was partially reversed by the simultaneous addition of sodium phytate,
suggesting that the substrate could act as inducer (Palacios et al., 2005). Therefore, metal ions
have significant effect on the phosphatases activities of LAB.
In addition, the complex growth requirements of LAB and the complex media
composition can be an obstacle in investigation of phosphatases activity. Phosphatases activity
can be affected by the growth requirements and growth media (Palacios et al., 2005). When MRS
was supplemented with sodium phytate, phosphatases activity was maximized even at a low
concentration of glucose (0.5%) (Palacios et al., 2005). Ingredients such as peptones, beef
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extract, and yeast extract in complex media also provide sources of phosphate that may interact
with the liberated phosphorus during determining phytase. Therefore, modified media with limit
phosphorus that can support LAB growth was developed (Morishita et al., 1981) and found to be
a better option in regard to phosphatases investigation (Shirai et al., 1994).

96
CHAPTER 5
Using Sweet Potatoes to Develop a Medium for Cultivation of Lactic Acid Bacteria
5.1 Abstract
This study investigated the use of sweet potatoes (Ipomoea batatas) as a basic component
to develop a medium for cultivation of lactic acid bacteria (LAB). Extract from baked sweet
potatoes was used to form a sweet potato medium (SPM). Sweet potato medium was
supplemented with 0, 4, or 8 g/L of each nitrogen source (beef extract, yeast extract, and
proteose peptone #3) to develop SPM1, SPM2, and SPM3, respectively. Lactobacilli MRS was
used as a control medium. Ten LAB strains containing an average of 2.34±0.29 log CFU/mL
were individually inoculated into batches of MRS, SPM1, SPM2, and SPM3. Inoculated media
were incubated at 37ºC for 48h and the growth of LAB strains was monitored using turbidity
(OD at 610 nm), maximum specific growth rates (µmax), bacterial population (log CFU/mL), pH
values, and titratable acidity. Our results for OD and µmax showed similar growth patterns for all
tested LAB strains growing in MRS, SPM2 or SPM3. The population of LAB strains reached
averages of 10.59±0.27 and 10.72± 0.19 log CFU/mL in SPM2 and SPM3, respectively, while
the average population in MRS was 10.41±0.35 log CFU/mL. SPM1 showed slower growth rates
with 1-2 log CFU/mL less of bacterial populations compared to that in MRS. SPM2 and SPM3
maintained higher pH values throughout the incubation period compared to that of MRS. These
findings indicated that SPM2 is suitable for the growth of LAB strains and could be used as an
alternative medium.
5.2 Introduction
LAB are among the most important groups of bacteria in applied microbiology.
Formulating cultivation media for LAB is very challenging due to the fact that LAB are
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fastidious and the nutritional requirements of LAB can vary widely among species and even
strains (Savijoki, Ingmer, & Varmanen, 2006; Vera Pingitore et al., 2009; Wegkamp et al.,
2010). For normal growth of LAB strains, culture media must be supplemented with various free
amino acids, peptides, nucleic acid derivatives, fatty acid esters, minerals, vitamins, and
buffering agents in addition to carbohydrates (Hébert, Raya, & de Giori, 2004; Wegkamp et al.,
2010). Nitrogen sources such as peptone, yeast extract, and beef extract form essential part of
LAB media. These nitrogen sources are rich in diversified free amino acids, peptides and most
required vitamins and minerals (Calderon et al., 2001; Vazquez et al., 2004). However, these
nitrogen sources are expensive and thus form a significant portion of media costs (Aguirre et al.,
2008; Altaf et al., 2007; B. Djeghri-Hocine et al., 2007). Thus, several studies have been carried
out to replace these expensive ingredients with low cost food products, and agricultural wastes.
With this aim, whey and buttermilk (Burns et al., 2008), de-lipidated egg yolk and yeast
autolysate (B. Djeghri-Hocine et al., 2007), fish viscera (Vazquez et al., 2004), cassava bagasse
and sugarcane bagasse (John et al., 2006), spent cabbage juice (Champagne, Savard, & Barrette,
2009), potato extracts (Gaudreau et al., 2002), juice of pineapple peel (ZhenHua, 2009), and corn
steep liquor (Yu et al., 2008) have been tested. The growth and functionality of LAB in the
previous tested products were compared to that in the standard lactobacilli MRS. In general, the
tested products showed similar or lower growth compared to MRS. However, none of the tested
products was reported as a suitable media for the cultivation of LAB or as an alternative low cost
media.
Sweet potatoes (Ipomoea batatas (L.) Lam.) (Batatas an Arawak name) are an abundant
agricultural product that is rich in many nutrients. Sweet potatoes are a rich source of
carbohydrates (mainly starch and sugars), some amino acids, vitamins (vitamin A, vitamin C,
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thiamin (B1), riboflavin (B2), niacin, and vitamin E), minerals (calcium, iron, magnesium,
phosphorus, potassium, sodium, and zinc), and dietary fiber (Broihier, 2006; Padmaja, 2009).
However, maximum nutritional benefits of sweet potatoes cannot be realized unless good
cooking methods are applied; baking in a convection oven is the best cooking method (Padmaja,
2009). Baked or microwave cooked sweet potato roots had more reducing sugars, total sugar and
pectin and less changes in minerals compare to boiled or steamed roots (Padmaja, 2009). Baking
will also lead to sharp increase in available sugars. On the other hand, roots baked in convection
oven contained higher total alcohol soluble, carbohydrates, reducing sugars and dextrins and less
starch than roots baked in microwave oven (Padmaja, 2009). However, using raw tubers for
fermentation such as ethanol production was found not economical, unless the pectin and
cellulose matrix is broken using enzymes, to release the starch (Padmaja, 2009). Since the
growth of LAB strains requires carbohydrates, amino acids, vitamins, and minerals, sweet
potatoes could form a significant portion of the LAB media in order to lower the cost. Sweet
potato also contain other minor nutrients such as antioxidants, triglycerides, linoleic acid, and
palmitic acid (Broihier, 2006; Padmaja, 2009). Oleic acid is well known as an essential growth
factor for LAB strains (Jenkins & Courtney, 2003) while antioxidants may stimulate the growth
of LAB (Duda-Chodak, Tarko, & Statek, 2008). In addition, sweet potatoes are widespread in
the United States and North Carolina is the leading producer of sweet potatoes accounting for
over 40% of the total production (USDA, 2008).
Because of the nutritional profile of sweet potatoes, this tuber has a great potential to
partially or fully replace the expensive ingredients in LAB media and thus lower the cost of the
medium. Therefore, the objective of this study was to develop a medium suitable for the
cultivation of LAB using sweet potatoes as a basic component.
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5.3 Materials and Methods
5.3.1 Bacterial culture activation and preparation. LAB strains in Table 13 were
obtained from the stock collection of our laboratory and were activated in MRS broth (Neogen
Corporation, Lansing, MI, USA) by transferring 100 µL of cultures to 10 mL of sterile MRS
broth and incubating at 37 ˚C for 24 h. Activated strains were then stored at 4°C. Prior to each
experiment, each individual strain was streaked onto MRS agar and incubated for 48 h at 37 °C.
One isolated colony was transferred to 10 mL MRS broth and incubated at 24 h for 37°C.
Table 13
LAB Strains Used in this Study
LAB species
Lactobacillus reuteri

Lactobacillus delbrueckii subsp.
bulgaricus

Lactobacillus acidophilus

Lactobacillus rhamnosus GG

Lactobacillus plantarum

Strain

Original source

DSM20016

Mother’s milk

SD2112

Mother’s milk

CF2-2F

Child fecal isolate

SD33

Yogurt culture

SR35

Yogurt culture

SD16

Commercial source

EF7

Commercial source

B103

Child fecal isolate

B101

Child fecal isolate

299V

Human patient

5.3.2 Sweet potato medium preparation. Sweet potatoes (Covington cultivar) were
obtained from Burch Farms in Faison NC, USA. For each experimental replication, 900 g fresh
sweet potatoes were used to form 2 L of sweet potato media (SPM). Fresh sweet potatoes were
baked in a conventional oven at 400ºC for 1 h. Sweet potatoes were then peeled and blended in a
kitchen blinder with deionized distilled water (DDW) at 2:1 ratio (DDW (mL) to sweet potato

100
(g)). This solution was centrifuged at 7800×g for 10 min using Thermo Scientific* Sorvall RC 6
Plus Centrifuge (Thermo Scientific Co., Asheville, NC, USA) and the supernatant was collected
to form sweet potato extract (SPE). SPE was analyzed to confirm nutritional content (see
Appendix A). One liter of SPE was mixed with ingredients in Table 14 to form 3 different SPMs
(SPM1, SPM2, and SPM3). MRS broth was prepared by dissolving 55 g of MRS broth and 1 g
L-cysteine in 1 L of DDW. The addition of L-cysteine was suggested to increase the growth and
biomass production of Lactobacillus (Wegkamp et al., 2010). SPMs and MRS were autoclaved
at 121˚C for 15 min, cooled, and stored at 4ºC.
5.3.3 Enumeration of bacteria. Bacterial populations were determined by plating
appropriate dilutions prepared in sterile 0.1% peptone (Bacto peptone, Becton Dickinson,
Sparks, MD, USA) (pH 7.25 ± 0.08) and water solutions onto MRS agar and plates incubated at
37˚C for 48h. Plates having 25–250 colonies were counted to determine bacterial populations.
5.3.4 Assay procedure. Bacterial strains were individually sub-cultured twice in batches
of 10 mL SMP1 broth and 10 mL of MRS broth for 24 h at 37ºC. Overnight grown strains were
individually serially diluted in 0.1 % peptone and water solution. Then 1 mL of 10-4 to 10-5
dilutions were transferred to batches of 50 mL corresponding media, mixed thoroughly, divided
into 6 sterile tubes, and incubated at 37ºC. Initial bacterial populations were determined using the
bacterial enumeration method. Bacterial growth was monitored by measuring the turbidity
(optical density at 610 nm) at 2 h interval for 20 h using Thermo Scientific Genesys 10S UV-Vis
spectrophotometer (Thermo Fisher Scientific Co., Madison, WI, USA); bacterial populations
(log CFU/mL) at 8, 12, 16, and 24 h; and titratable acidity and pH at 12, 24, and 48 h. The
maximum specific growth rates per hour (µmax) for the tested LAB strains were determined
during exponential growth phase using optical density values.
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Table 14
Composition of SPM for 1L of Sweet Potato Extract
Components g/L
Component

Supplier

SPM1

SPM2

SPM3

Remel

0.0

4.0

8.0

Beef extract

Neogen Corporation

0.0

4.0

8.0

Yeast extract

Neogen Corporation

0.0

4.0

8.0

Sodium acetate (CH3COONa)

Fisher Scientific

5.0

5.0

5.0

Tween 80

Fisher Scientific

1.0 mL

1.0 mL

1.0 mL

Disodium phosphate (Na2HPO4)

Fisher Scientific

2.0

2.0

2.0

Ammonium citrate (NH4C6H5O7)

Fisher Scientific

2.0

2.0

2.0

Potassium phosphate K2HPO4

Fisher Scientific

2.0

2.0

2.0

Magnesium sulfate (MgSO4.7H2O)

Fisher Scientific

0.1

0.1

0.1

Manganese sulfate (MnSO4.5H2O)

Fisher Scientific

0.05

0.05

0.05

L-Cysteine

Fisher Scientific

1.0

1.0

1.0

Proteose peptone #3

5.3.5 Determination of pH value and titratable acidity. Priors to pH values and
titratable acidities determination, pH meter (Accumet basic, AB15/15+, Fisher Scientific) was
standardized using pH 7 and pH 4 standard buffers. The pH value was simply measured by
placing the pH prop into the sample. The titratable acidity (TA) was determined according to
AOAC method (AOAC, 1995). Distilled water (DW) at 100 mL was placed into 250 mL beaker;
pH of DW was adjusted to 8.2 by adding 0.1 N sodium hydroxide (NaOH), 5 mL of sample was
added to the beaker, and 0.1 N NaOH was gradually added to the sample until pH 8.2 reached
while the solution was stirring. The titratable acidity was then calculated mathematically using
the following formula:
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5.3.6 Determination of buffering capacity. Buffering capacity (BC) was determined by
placing 25 mL of the medium into a 100 mL beaker then titrated with 0.1 N HCl until pH 2.0
reached (Salaün, Mietton, & Gaucheron, 2005). BC was calculated mathematically as the amount
of 0.1 N HCl (mL) added divided by the unit change in pH values using the following formula:

5.3.7 Statistical analysis. Experiments were replicated in a randomized block design to
evaluate the growth of LAB strains in SPMs compared to that in MRS. R Project for Statistical
Computing version R-2.15.2 (www.r-project.org) was used to determine significant differences
between MRS and SPMs and among LAB strains using the data means of triplicate samples by
one way ANOVA (analysis of variance) at a significance level of p < 0.05.
5.4 Results and Discussion
5.4.1 Growth of LAB strains in SPM. Since nitrogen sources are main contributors to
cost (Aguirre et al., 2008; Altaf et al., 2007; B. Djeghri-Hocine et al., 2007; Sawatari et al.,
2006), SPMs were formed at different concentrations of nitrogen sources to lower the cost (see
Table 14). Figure 8 shows the growth of LAB during 20 h of incubation at 37˚C. During the first
10 h of incubation, no visual growth was observed. During the next 10 h of incubation, LAB
strains showed similar growth rates in MRS, SPM2, and SPM3. SPM1 showed slower growth
rates for all tested strains compared to that in MRS. After 20 h of incubation optical density
reached averages of 1.505±0.216, 0.984±0.114, 1.427±0.15, and 1.434±0.182 for MRS, SPM1,
SPM2, and SPM3, respectively. Results of µmax showed no significant (p > 0.05) differences
among MRS, SPM2, and SPM3 for all strains (see Table 15). µmax values in SPM1 were
significantly (p < 0.05) lower than that in other media.
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Figure 8. Bacterial growth curves of LAB strains grown in MRS, SPM1, SPM2, and SPM3
during 20 h of incubation at 37ºC measured by optical density at 610 nm.
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Table 15
Maximum Specific Growth for the Tested LAB Strains in MRS, SPM1, SPM2, and SPM3
Maximum specific growth rate (µmax)*
LAB strains

*

MRS

SPM1

SPM2

SPM3

L. plantarum 299v

0.334±0.009a

0.263±0.028b

0.353±0.021a

0.350±0.021a

L. acidophilus EF7

0.360±0.017a

0.237±0.024b

0.379±0.030a

0.357±0.017a

L. acidophilus SD16

0.384±0.014a

0.238±0.014b

0.371±0.015a

0.391±0.021a

L. delbrueckii subsp.
bulgaricus SD33

0.396±0.026a

0.283±0.016b

0.387±0.011a

0.406±0.024a

L. delbrueckii subsp.
bulgaricus SR35

0.366±0.013a

0.251±0.021b

0.334±0.041ab

0.359±0.015a

L. rhamnosus GG B101

0.344±0.023a

0.284±0.029b

0.381±0.017a

0.364±0.015a

L. rhamnosus GG B103

0.362±0.027ab

0.280±0.039b

0.355±0.011ab

0.374±0.019a

L. reuteri CF2-2F

0.347±0.017a

0.269±0.032b

0.371±0.022a

0.373±0.018a

L. reuteri SD2112

0.388±0.027a

0.267±0.024b

0.351±0.034a

0.368±0.011a

L. reuteri DSM20016

0.368±0.022a

0.251±0.016b

0.361±0.029a

0.389±0.026a

Data points with different lower case letters in the same row are significantly (p < 0.05) different.

Figure 9 shows the bacterial populations (log CFU/mL) for LAB strains during 24 h of
incubation at 37ºC. Only a slight difference among MRS, SPM2, or SPM3 in the population of
LAB strains was observed. The average population of LAB strains showed no significant (p >
0.05) differences among the three media (see Table 16). Populations of LAB strains in SPM1
were 1 to 2 log CFU/mL less than that in MRS. The results related to bacterial populations agree
with the OD and µmax showing clearly that SPM2 was suitable for the growth of the tested LAB
strains showing same growth as that in MRS.
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Figure 9. Bacterial populations for LAB strains in MRS, SPM1, SPM2, and SPM3 at 0, 8, 12,
16, and 24 h of incubation at 37ºC. Columns with different lower case letters at the same
incubation time are significantly (p < 0.05) different.
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Table 16
Averages of Bacterial Populations for LAB Strains in MRS, SPM1, SPM2, and SPM3 at 8, 12,
16, and 20 h of Incubation at 37˚C
Incubation time (h)
8
Media

*

12

16

24

Bacterial population (log CFU/mL)*

MRS

4.25±0.26 a

5.84±0.36a

8.25±0.45 a

10.41±0.35 a

SPM1

4.21±0.29 a

5.17±0.36ab

7.12±0.56 b

8.84±0.82 b

SPM2

4.29±0.25 a

5.95±0.41 a

8.21±0.31 a

10.59±0.27 a

SPM3

4.34±0.27 a

5.86±0.40 a

8.27±0.30 a

10.72±0.19 a

Data points with different lower case letters in the same column are significantly (p < 0.05) different.

SPM2, containing less than 50% of the amount of nitrogen sources compared to MRS,
showed similar growth rates and slightly higher bacterial population than that in MRS. SPM1,
which was not supplemented with any nitrogen sources, showed only 1 to 2 log CFU/mL less
bacterial population compared to that of MRS. Thus sweet potato, a rich source of several
nutrients, could partially replace the expensive nitrogen sources in LAB media while showing
same growth rates compared to commonly used expensive media such as MRS. Sweet potato
protein has been reported to be the least affected by the cooking processes such as steaming,
boiling, baking (Padmaja, 2009). In addition, SPM3, containing twice the amount of nitrogen
sources compared to SPM2, showed similar growth rates and bacterial populations to that of
SPM2. Thus, the extra amount of nitrogen sources in SPM3 did not improve the growth rates or
increase the final bacterial population of the tested LAB strains. These results correlate with
other findings which showed that an increase in amino acids and peptides beyond the essential
requirements may not necessary result in increased growth (Lechiancole et al., 2002). Therefore,
it appears that the amount of peptone, yeast extract, and beef extract (4 g/L each) in SPM2 is
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suitable for normal growth of LAB strains. Since nitrogen sources are the most expensive part of
LAB media, the total cost of SPM2 was less than that for MRS. According to the current pricing
of materials used in this study, formulating 1L of media would cost $4.61, $3.80, $2.55, and
$1.28 United States dollars (USD) for MRS, SPM3, SPM2, and SPM1, respectively (see Table
17). Therefore, SPM2 appears suitable low cost medium for normal growth of lactobacilli and
could be used as an alternative to MRS.
Table 17
Cost Analysis for Forming 1 Liter of SPM

Component

Cost (USD)
Supplier

Amount (g)

SPM1

SPM2

SPM3

0.25

Local store

450.0

0.25

0.25

0.25

Beef extract

49.09

Neogen

0, 4, or 8

0.0

0.25

0.49

Yeast extract

38.71

Neogen

5.0

0.0

0.1

0.19

184.26

Fisher

10.0

0.0

0.92

1.84

Sodium acetate

28.48

Fisher

5.0

0.17

0.17

0.17

Tween 80

31.65

Fisher

1.0 mL

0.03

0.03

0.03

Sodium phosphate

60.50

Fisher

2.0

0.24

0.24

0.24

Potassium
phosphate

45.30

Fisher

2.0

0.18

0.18

0.18

Ammonium citrate

71.45

Fisher

2.0

0.39

0.39

0.39

Magnesium sulfate

46.07

Fisher

0.2

0.02

0.02

0.02

Manganese sulfate

28.83

Fisher

0.05

0.002

0.002

0.002

1.28

2.55

3.80

Sweet potatoes

Peptone

Total
*

Price (USD)
(For 500g)*

Prices are in USD according to the current pricing of the supplier.
Note: Price of MRS = $167.50 /2kg, (Neogen), preparing 1L of MRS required 55g/L, Cost of 1L MRS= $4.61.
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These results agree with others findings that supplementation with external nitrogen
sources is important to ensure sufficient amounts of free amino acids and peptides for the growth
of LAB when food byproducts or agricultural products are used as basic components to form
LAB cultivation media. The use of whey or buttermilk for the growth of LAB strains showed
lower growth compared to MRS. When whey and buttermilk were supplemented with 0.3%
yeast extract, the growth of LAB strains was similar to that in MRS (Burns et al., 2008). When
autolysate and/or de-lipidated egg yolk were used in place of yeast extract, final bacterial
populations were about 1 log CFU/mL lower than that in MRS (B. Djeghri-Hocine et al., 2007).
Minimum supplementation of yeast extract was found important for lactic acid production and
sufficient growth of Lactobacillus bulgaricus on sugarcane bagasse and cassava bagasse (John et
al., 2006). For high density production of lactobacilli using wheat stillage and molasses, the
medium was supplemented with yeast extract (Krzywonos & Eberhard, 2011). Therefore,
supplementation of SPM with peptone, yeast extract, and beef extract is required to ensure
normal growth of LAB.
5.4.2 Acid production and buffering capacity. The relationships between pH and
growth can be positive or negative depending on the optimum pH for the microorganism. Most
Lactobacillus strains grow at optimum pH between 5.0 and 6.0, but they can also grow at a
relatively low pH (4.4) (Von Wright & Axelsson, 2011). The initial pH values for the tested
media ranged between 6.37 and 6.54. There was no difference in pH values for the first 12 h
among the media (see Appendix B). SPM2 and SPM3 were able to maintain the pH above 4.4
after 24 h of incubation and around 4.4 after 48 h of incubation (see Table 18). The pH values in
MRS dropped below 4.4 after 24 h of incubation and below 4.0 after 48 h of incubation. SPM2
and SPM3 showed almost similar pH values throughout the incubation time.
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Table 18
Average Changes in pH Values for the Ten Tested LAB Strains in MRS, SPM1, SPM2, and SPM3
after 12, 24, and 48 h of Incubation
Incubation time (h)
12

24

48

Change in pH values*

Medium
MRS

5.989±0.22a

4.083±0.18c

3.75±0.11b

SPM1

5.992±0.17a

4.918±0.38a

4.43±0.26a

SPM2

5.862±0.29a

4.524±0.22b

4.34±0.30a

SPM3

5.893±0.31a

4.485±0.21b

4.33±0.29a

*

Data points are the average of 3 replicates with standard error. Data points with different lower case letters in the
same column are significantly (p < 0.05) different.

In addition, MRS showed significantly (p < 0.05) higher TA values compared to all
SPMs at 24 h and 48 h of incubation (see Appendix C). The growth of LAB strains in SPM2 and
SPM3 resulted in an average of 1.29±0.09 and 1.38±0.12 production of TA respectively while
the growth of LAB strains in MRS resulted in an average of 11.56±0.05 production of TA after
48 h of incubation (see Table 19). SPM1 showed lower TA at 24 and 48 h compared to the other
media. The low titratable acidity in SPM1 was expected since the growth was low. However, the
BCs for SPM2 and SPM3 were significantly (p < 0.05) higher than BC of MRS. BC values for
MRS, SPM1, SPM2, and SPM3 were 11.56±0.51, 10.57±0.44 13.95±0.52, and 14.73±0.61,
respectively. Higher BC in SPM2 and SPM3 may explain the higher pH values and lower TA
compared to MRS. Thus, due to the low BC in MRS compared to SPM2 and SPM3, the final pH
value of MRS after 24h and 48h of incubation was lower than that in SPM2 and SPM3. As a
result, some decline in bacterial population in MRS was shown after 48 h of incubation
compared to that at 24 h while SPM2 and SPM3 showed the same or better bacterial population.
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Table 19
Averages of Titratable Acidity Values for the Ten Tested LAB Strains in MRS, SPM1, SPM2, and
SPM3 at 12, 24, and 48 h of Incubation
Incubation time (h)
12

24

48

Titratable acidity (%)*

Medium
MRS

0.36±0.06a

1.32±0.05aa

1.56±0.05a

SPM1

0.30±0.04a

0.65±0.12c

0.90±0.04c

SPM2

0.38±0.07a

1.21±0.08b

1.29±0.09b

SPM3

0.37±0.04a

1.25±0.09b

1.38±0.12b

* Data points are the average of 3 replicates with standard error. Data points with different lower case letters in the
same column are significantly (p < 0.05) different.

5.5 Conclusion
Our results revealed that SPM2 could be a suitable medium for the growth of LAB. In
addition, SPM2 could be an alternative medium for costly MRS broth. The growth of tested LAB
strains in SPM2 and SPM3 was at the same as that in MRS. Since no significant differences were
shown between SPM2 and SPM3 with regard to the growth of LAB strains, the formula in SPM2
could be used to form the SPM. These findings may lead to more interest in using sweet potatoes
for applications such as fermentation and lactic acid production. The use of sweet potatoes to
develop a new medium for LAB could also open the door to new applications for the use of
sweet potatoes in North Carolina and the United States.
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CHAPTER 6
Impact of Sweet Potato Based Medium on the Growth and Enzymatic Activities of Lactic
Acid Bacteria
6.1 Abstract
The objective of this study was to investigate the impact of sweet potato medium (SPM)
on the growth and enzymatic activities of LAB. SPM was previously described in previous
chapter was used to investigate its impact on the growth and enzymatic activities of LAB
compared to that in MRS. Seven strains of LAB were screened in SPM and MRS for α–
glucosidase (EC 3.2.1.20), β-glucosidases (EC 3.2.1.21), acid phosphatase (EC 3.1.3.2), and
phytase (EC 3.1.3.26) activities. These activities were determined spectrophotometrically using
ρ-nitrophenyl-α-D-glucopyranoside, ρ-nitrophenyl-β-D-glucopyranoside, ρ-nitrophenyl
phosphate, and sodium phytate as substrates. The growth of LAB strains was monitored using
turbidity (OD 610 nm) and bacterial population (log CFU/mL). LAB strains growing in SPM and
MRS showed no significant (p > 0.05) differences in the growth rates and bacterial populations.
Enzymatic activities showed a wide range of difference among LAB strains growing in the two
media. Strains of L. reuteri showed the highest enzymatic activities of α–glucosidase, acid
phosphatase, and phytase whereas L. delbrueckii subsp. bulgaricus showed the highest βglucosidase activity. On average, LAB strains growing in SPM showed relatively higher βglucosidase, acid phosphatase, and phytase activities and lower α–glucosidase compared to that
in MRS. Thus, media composition and changes in pH values have a significant effect on the
enzymatic activities of LAB and SPM could be suitable medium serving the growth and
bioactivity of LAB.
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6.2 Introduction
One of the most important probiotic characteristics of LAB strains is the ability to
alleviate digestive problems in humans and animals. Digestive problems are a result of inability
to digest complex carbohydrates. LAB strains that can possess α-glucosidase, β-glucosidase, acid
phosphatase, and phytase could help to solve several digestive problems in humans and improve
nutrient availability (Mahajan et al., 2010; M. C. Palacios, M Haros, Y. Sanz, & C. M. Rosell,
2008b; Raghavendra & Halami, 2009; Zotta et al., 2007). α–glucosidase (α-D-glucoside
glucohydrolase, EC 3.2.1.20) is responsible for hydrolyzing glycosidic bonds in oligosaccharides
(starch, disaccharides, and glycogen) and releasing α-glucose (Krasikov et al., 2001). βglucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21) can hydrolyse all four of β-linked
glucose dimmers in cellulose, with a hydrolysis rate order of (β-1,4) > (β-1,3) > (β-1,2) > (β-1,6)
to produce glucose monomers (Sestelo et al., 2004). Acid phosphatase (orthophosphoric
monoester phosphohydrolase, EC. 3.1.3.2) and phytase (myo-inositol hexakisphosphate 6phosphohydrolases; EC 3.1.3.26) can break down phytate and reduce its antinutritional
properties (Iqbal et al., 1994; López-González et al., 2008; Palacios et al., 2005). The specificity
of acid phosphatases and phytase can partly overlap since acid phosphatase produced by
microorganisms have also phytase activity (Simon & Igbasan, 2002). Thus, α-glucosidase, βglucosidase, phytase, and acid phosphatase are among the most important enzymes that produced
LAB strains.
Sweet potatoes (Ipomoea batatas (L.) Lam.) (Batatas an Arawak name) are a rich source
of carbohydrates (mainly starch and sugars), some amino acids, vitamins (vitamin A, vitamin C,
thiamin (B1), riboflavin (B2), niacin, and vitamin E), minerals (calcium, iron, magnesium,
phosphorus, potassium, sodium, and zinc), and dietary fiber (Broihier, 2006; Padmaja, 2009).
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Sweet potatoes also contain other minor nutrients such as antioxidants, triglycerides, linoleic
acid, and palmitic acid (Broihier, 2006; Padmaja, 2009). This nutritional tuber has the potential
to support the growth and enzymatic activity of LAB strains. The growth environment and media
composition have a significant effect on the enzymatic activity of LAB (Di Cagno et al., 2010;
Mahajan et al., 2010; Palacios et al., 2005; Shirai et al., 1994). Therefore, the objective of this
study was to investigate the impact of a sweet potato base medium on the growth and enzymatic
activities of LAB including α-glucosidase, β-glucosidase, acid phosphatase, and phytase.
6.3 Material and Method
6.3.1 Media preparation. Fresh sweet potatoes (Covington cultivar) were obtained from
Burch Farms in Faison NC, USA. Sweet potatoes were baked in a conventional oven at 400˚C
for 1h. Baked sweet potatoes were peeled and blended in a kitchen blender with deionized
distilled water (DDW) at a ratio 2:1 (DDW (mL) to sweet potato (g)). The solution was then
centrifuged at 7800×g for 10 min using Thermo Scientific* Sorvall RC 6 Plus Centrifuge
(Thermo Scientific Co., Asheville, NC, USA) and supernatant was collected. To form a sweet
potato medium (SPM), one liter of supernatant was mixed with the following ingredients:
sodium acetate (5g), potassium monophosphate (2g), ammonium citrate (2g), Tween 80 (1mL),
magnesium sulfate (0.1g), manganese sulfate (0.05g), beef extract (Neogen Corporation,
Lansing, MI, USA) (4g), yeast extract (Neogen Corporation) (4g), and proteose peptone #3 (4g).
MRS was prepared by dissolving 55 g lactobacilli MRS broth (Neogen Corporation) and 1 g LCysteine in 1 L DDW. SPM and MRS were autoclaved at 121˚C for 15 min, cooled down, and
stored at 4ºC to be used within 3 days. All ingredients were obtained from Thermo Scientific Co.
(Asheville, NC, USA) unless otherwise noted.
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6.3.2 Bacterial culture activation and preparation. Seven LAB strains were activated
in lactobacilli MRS broth by transferring 100 µL of stock culture to 10 mL MRS broth,
incubated at 37˚C for 24 h, and stored at 4°C. Prior to each experimental replication, bacterial
strains were streaked on MRS agar and incubated for 48 h at 37 °C. One isolated colony was
then transferred to 10 mL MRS broth and SPM broth and then incubated at 37°C for 24h to be
used within 3 days.
6.3.3 Bacterial enumeration. Bacterial populations were determined by plating onto
MRS agar. In this procedure, samples were individually diluted into serials of 9 mL 0.1 %
peptone water solution (Bacto peptone, Becton Dickinson, Sparks, MD, USA) (pH 7.25 ± 0.08)
then 100 µL of appropriate dilutions were surface-plated onto triplicates of MRS agar plates and
incubated at 37˚C for 48 h. Plates with colonies ranging between 25 and 250 were considered for
colony counting at the end of incubation.
6.3.4 Assay procedure. LAB strains were individually subcultured twice in batches of 10
mL SPM broth and MRS broth separately for 24 h at 37ºC. Batches of 80 mL SPM and MRS
media in 250 mL bottles were inoculated with 3% v/v individual precultured LAB strains and
incubated at 37ºC for 16 h. Bacterial growth was monitored by measuring the turbidity (OD 610
nm) at 2 h intervals using a 96-well microplate reader (BioTek Institute,Winooski, VT) and then
final bacterial populations determined at 16 h of incubation. Cultures were divided into two
portions at 40 mL each and the cells were harvested by centrifugation at 7800xg for 10 min at
4˚C. Portions used for α-glucosidase and β-glucosidase activities were washed twice with 0.5 M
sodium phosphate buffer (pH 6.0) and suspended in 1 mL of the same buffer. Portions used for
phytase and acid phosphate activities were washed with 50 mM Tris-HCl (pH 6.5) and
suspended in 1 mL 50 mM sodium acetate-acetic acid (pH 5.5). Suspended cells were maintained
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in Eppendorf tubes containing 0.1 mm glass beads and treated with a mini-Beadbeater-8
(Biospec Products, Bartlesville, OK, USA) for a total of 3 min in order to disrupt the cells and
release the enzymes. After every minute, the samples were rested for 15s in ice bath to avoid
overheating. Samples were then centrifuged (12,000×g for 20 min) and supernatants were used
for enzyme assay analysis of α-glucosidase, acid phosphatase and phytase. Disrupted cells from
first portion were suspended in a minimum amount of sodium phosphate buffer and used for
enzyme assay analysis of β-glucosidase.
6.3.5 Determination of α-glucosidase and β-glucosidase. Activities of α-glucosidase
and β-glucosidase were determined by monitoring the rate of hydrolysis of ρ-nitrophenyl-α-Dglucopyranoside and ρ-nitrophenyl β-D-glucopyranoside respectively (Mahajan et al., 2010). For
α-glucosidase, 1 mL of 10 mM ρ-nitrophenyl-α-D-glucopyranoside substrate was added to 0.5
mL of each sample, and the samples were then transferred into a water bath at 37˚C for 20 min.
For β-glucosidase, 1 mL of 10 mM ρ-nitrophenyl β-D-glucopyranoside was added to 0.5 mL of
each sample and samples were transferred into water bath at 37 ˚C for 20 min. All reactions were
stopped by adding 2.5 mL of 0.5 M Na2CO3. The yellow ρ-nitrophenol released was determined
by measuring the optical density at 420 nm. One unit of α-glucosidase or β-glucosidase (Glu
U/mL) was defined as 1.0 µM of ρ-nitrophenol liberated per minute under the assay conditions.
6.3.6 Determination of acid phosphatase and phytase. Acid phosphatase (E.C.3.1.3.2.)
was determined by monitoring rate of hydrolysis of ρ-nitrophenyl phosphate (ρ-NPP) and
phytase activity was determined by measuring the amount of liberated inorganic phosphate from
sodium phytate (Haros et al., 2008). For acid phosphatase, 250 µL of 0.1 M sodium acetate
buffer (pH 5.5) containing 5 mM ρ-nitrophenyl phosphate was mixed with 250 µL of enzyme
sample. After incubation at 50°C for 30 min in a water bath, the reaction was stopped by adding
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500 µL of 1.0 M NaOH and the released ρ-nitrophenol was measured at 420 nm. For phytase,
400 µL of 0.1 M sodium acetate (pH 5.5) containing 1.2 mM sodium phytate was mixed with
200 µL of enzyme sample. After incubation for 30 min at 50°C in a water bath, the reaction was
stopped by adding 100 µL of 20% trichloroacetic acid solution. An aliquot was analyzed to
determine the liberated inorganic phosphate (Pi) by the ammonium molybdate method, at 420
nm (Tanner & Barnett, 1986). One unit of acid phosphatase or phytase (Ph U/mL) was defined as
1.0 µM of ρ-nitrophenol or 1.0 µM of Pi liberated per min respectively under the assay
conditions.
6.3.7 Statistical analysis. Each experimental test was conducted three times in
randomized block design to evaluate the enzymatic activities of LAB strains in SPM and MRS.
Mean values and standard deviations were calculated from the triplicate tested samples. R
Project for Statistical Computing version R-2.15.2 (www.r-project.org) was used to determine
significant differences in the growth and enzymatic activities among the tested LAB strains
growing in SPM and MRS using one way ANOVA (analysis of variance) with a significance
level of p < 0.05.
6.4 Results and Discussion
6.4.1 Growth of LAB in sweet potato medium. The growth of LAB was monitored
using optical density (610 nm) and bacterial population. LAB strains continued to grow at
approximately same growth rates in SPM and MRS to reach an average of 1.65±0.07 and
1.61±0.05 OD (610 nm) respectively after 16 h of incubation (see Figure 10). LAB strains
growing in SPM and MRS showed no significant (p > 0.05) differences in the final bacterial
populations (see Table 20). Final bacterial population of LAB strains after 16 h of incubation
reached 10.98±0.49 and 10.92±0.55 log CFU/mL in SPM and MRS respectively.
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Figure 10. The growth of LAB strains in SPM and MRS. Data points are the average of the
seven tested LAB strains with standard error.
Table 20
List of LAB Strains, Original Sources, and Final Bacterial Population after 16 h of Incubation at
37ºC
Bacterial population log CFU/mL*
LAB Strain

Original source

MRS

SPM

L. Plantarum299V

Human patient

10.73±0.42a

11.08±0.43a

L. acidophilus SD16

Commercial source

10.66±0.41a

10.98±0.44a

L. acidophilus EF7

Commercial source

10.96±0.48a

11.03±0.56a

L. GG rhamnosus B103

Child fecal isolate

11.00±0.61a

10.81±0.61a

Yogurt culture

10.88±0.44a

10.99±0.14a

L. reuteri CF2-2F

Child fecal isolate

11.14±0.29a

11.03±0.61a

L. reuteri SD2112

Mother’s milk

11.06±0.57a

10.94±0.41a

10.92±0.55a

10.98±0.49a

L. delbrueckii bulgaricus SR35

Average
*

Data points are the average of 3 replicates with standard error. Data points with different lower case letters in the
same row are significantly (p < 0.05) different.
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Since sweet potatoes are rich in sugars, vitamins, and minerals but poor in protein, SPM
was supplemented with different nitrogen sources (peptone, yeast extract, and beef extract) to
serve the growth of LAB. As previously reported, supplementation of food byproducts or
agricultural products with an external nitrogen sources could ensure suitable media for the
growth of LAB (Burns et al., 2008; B. Djeghri-Hocine, M. Boukhemis, N. Zidoune, & A.
Amrane, 2007; Krzywonos & Eberhard, 2011). For example, supplementation of sugarcane
bagasse and cassava bagasse with yeast extract was found important for sufficient growth of L.
bulgaricus (John et al., 2006). Chickpea and oilseed crop pea were supplemented with yeast
extract, meat extract, and peptones to form culture media for lactic acid bacteria (Baida DjeghriHocine et al., 2007). It is also well documented that media composition has a significant effect
on LAB growth (Baida Djeghri-Hocine et al., 2007; Krzywonos & Eberhard, 2011; Zacharof &
Lovitt, 2012). However, sweet potatoes supplemented with external nitrogen sources appeared to
be convenient medium that can serve the growth of LAB.
6.4.2 Enzymatic activities of α-glucosidase and β-glucosidase. Table 21 shows αglucosidase and β-glucosidase activities of LAB strains growing in SPM and MRS. αglucosidase activity of LAB strains ranged between 5.88±0.58 (for L. plantarum 299V in SPM)
and 56.93±3.16 (for L. reuteri CF2-2F in MRS) Glu U/mL. β-glucosidase activity of LAB strains
ranged between 2.61±0.40 (for L. plantarum 299V in MRS) and 36.04±3.16 (for L. delbrueckii
subsp. bulgaricus SR35 in SPM) Glu U/mL. L. reuteri and L. delbrueckii subsp.
bulgaricus SR35 growing in SPM and MRS showed the highest α-glucosidase and β-glucosidase
activities respectively. L. plantarum 299V showed the lowest α-glucosidase and β-glucosidase
activities in SPM and MRS.
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Table 21
α-Glucosidase and β-Glucosidase Activities of LAB Strains in SPM and MRS after 16h on
Incubation at 37ºC
α-Glucosidase (Glu U/mL)*
LAB Strain

β-Glucosidase (Glu U/mL)*

MRS

SPM

MRS

SPM

L. plantarum 299V

6.30±0.80aD

5.88±0.58aD

2.61±0.40aD

2.63±0.51aD

L. acidophilus SD16

7.72±0.55aD

8.54±0.89aBC

4.60±0.77 aCD

2.66±0.44bD

L. acidophilus EF7

9.45±0.73aCD

9.63±0.65aBC

9.30±0.57 aC

6.71±0.79bC

L. rhamnosus GG
B103
L. delbrueckii subsp.
bulgaricus SR35

10.50±0.61aCD

12.03±0.56aB

17.76±1.04 aB

15.71±1.76aB

12.45±0.79aC

12.63±0.86aB

35.45±2.70aA

36.04±3.16aA

L. reuteri CF2-2F

56.93±3.16aA

31.87±2.52bA

4.72±0.95bCD

7.90±0.76aC

L. reuteri SD2112

47.30±3.66aAB

29.05±2.14bA

2.82±0.38bD

5.47±0.96aCD

*

Data points are the average of 3 replicates with standard error. Data points with different lower case letters in the
same row for the same enzyme are significantly (p < 0.05) different. Data points with different upper case letters in
the same column are significantly (p < 0.05) different.

Figure 11 shows relative comparisons in α-glucosidase and β-glucosidase activities
between SPM and MRS. Strains of L. acidophilus and L. rhamnosus GG B103 growing in SPM
showed relatively higher α-glucosidase activities and relatively lower β-glucosidase activities
than that in MRS. Strains of L. reuteri showed relatively lower α-glucosidase activities and
relatively higher β-glucosidase activities in SPM compared to MRS. L. plantarum 299V and L.
delbrueckii subsp. bulgaricus SR35 showed almost the same α-glucosidase and β-glucosidase
activities in SPM and MRS. LAB strains showed an average of 8.7 % lower α-glucosidase and
an average 11.7% higher β-glucosidase in SPM compared to that in MRS.
β-Glucosidase produced by the tested LAB strains was found to be cell-associated
enzyme. When β-glucosidase was tested in the supernatant after removal of the cells only traces
of enzyme activity were detected (data not shown). This agrees with others finding that β-
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glucosidase is mainly a cell-associated enzyme (Mahajan et al., 2010). In another study, αglucosidase was reported to be mostly intracellular and β-glucosidase was mostly cell bound
rather than intracellular (Pham, Dupont, Roy, Lapointe, & Cerning, 2000). From this result we
can conclude that most of enzyme extracted could be inactivated when separated from the cells.
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Figure 11. Relative activity (%) of α-glucosidase and β-glucosidase in SPM compared to MRS.
LAB strains growing in SPM and MRS showed a wide range of differences in αglucosidase and β-glucosidase activities. Differences in those activities were also shown between
strains of the same species. For example, L. acidophilus EF7 and L. reuteri CF2-2F growing in
SPM and MRS showed higher α-glucosidase and β-glucosidase activities compared to L.
acidophilus SD16 and L. reuteri SD2112 respectively. In addition, differences in α-glucosidase
and β-glucosidase activities were also observed in the same strains growing in different media.
Strains of L. reuteri showed lower α-glucosidase and higher β-glucosidase activity in SPM
compared to that in MRS. Strains of L. acidophilus showed slightly higher α-glucosidase activity
and lower β-glucosidase activity in SPM compared to that in MRS. These results agree with
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others finding that α-glucosidase and β-glucosidase activities of LAB could be affected by media
composition and could be also vary among strains of the same species (Di Cagno et al., 2010;
Mahajan et al., 2010; Otieno et al., 2005; Pyo, Lee, & Lee, 2005). Amounts and types of
nutrients in culture media including carbohydrates, proteins, and minerals, are well documented
for their effect on α-glucosidase and β-glucosidase activities of LAB (Choi, Kim, & Rhee, 2002;
Di Cagno et al., 2010; Mahajan et al., 2010; Otieno et al., 2005; Pyo et al., 2005). In addition,
strains of L. reuteri and L. delbrueckii subsp. bulgaricus SR35 should be given more attention
showing the highest α-glucosidase and β-glucosidase activities respectively. L. delbrueckii was
also reported in other studies for higher β-glucosidase activities compared to other LAB strains
(Choi et al., 2002). High α-glucosidase of L. reuteri strains could be of special interest in
probiotic applications since those strains were also reported with high α- galactosidase and βgalactosidase (Alazzeh et al., 2009). Thus, SPM appeared to be convenient for LAB to express
both α-glucosidase and β-glucosidase.
6.4.3 Enzymatic activities of acid phosphatase and phytase. Table 22 shows acid
phosphatase and phytase activities of LAB strains in SPM and MRS. Acid phosphatase activity
in SPM and MRS ranged between 8.67 (for L. acidophilus EF7 in MRS) and 20.56 (for L. reuteri
SD2112 in SPM) Ph U/mL. Phytase activity of LAB strains ranged between 0.16±0.03 (for L.
delbrueckii subsp. bulgaricus SR35 in SPM) and 0.66±0.14 (for L. reuteri CF2-2F in SPM) Ph
U/mL. Strains of L. reuteri (CF2-2F and SD2112) showed the highest acid phosphatase and
phytase activities in both SPM and MRS. L. acidophilus EF7 and L. delbrueckii subsp.
bulgaricus SR35 growing in SPM and MRS showed the lowest acid phosphatase and phytase
activities, respectively.
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Table 22
Acid Phosphatase and Phytase Activities of LAB Strains in SPM and MRS after 16h of
Incubation at 37ºC
Acid phosphatase (Ph U/mL)*

Phytase (Ph U/mL)*

LAB Strain

MRS

SPM

MRS

SPM

L. Plantarum 299V

9.44±1.18aB

11.83±1.09aC

0.34±0.03bA

0.46±0.04aB

L. acidophilus
SD16

11.22±0.57aB

9.92±0.78aC

0.32±0.02bA

0.41±0.04aB

L. acidophilus EF7

8.67±0.87aB

8.68±0.85aC

0.32±0.05bA

0.40±0.03aB

L. rhamnosus GG
B103
L. delbrueckii
subsp.
bulgaricus SR35

9.96±1.07aB

10.60±0.55aC

0.30±0.03bA

0.40±0.02aB

11.19±0.95aB

10.61±0.84aC

0.19±0.02aB

0.16±0.03bC

L. reuteri CF2-2F

15.09±0.95aA

15.84±1.05aB

0.37±0.03bA

0.66±0.14aA

L. reuteri SD2112

13.50±0.84bA

20.56±1.49aA

0.39±0.05bA

0.65±0.11aA

*

Data points are the average of 3 replicates with standard error. Data points with different lower case letters in the
same row for the same enzyme are significantly (p < 0.05) different. Data points with different upper case letters in
the same column are significantly (p < 0.05) different.

Most LAB strains (L. plantarum 299V, L. rhamnosus GG B103, L. reuteri CF2-2F, and
L. reuteri SD2112) showed a relatively higher acid phosphatase activity in SPM compared to
that in MRS (see Figure 12). With regard to phytase, all LAB strains showed relatively higher
phytase activities in SPM except L. delbrueckii subsp. bulgaricus SR35 (see Figure 12). Acid
phosphatase and phytase activities of tested LAB strains were relatively higher in SPM
compared to that in MRS by an average of 10.3 and 35.9 %, respectively.
Acid phosphatase and phytase activities of LAB strains showed a little of variation
among the strains. For acid phosphatase, no significant (p > 0.05) differences among LAB strains
were observed except for the two L. reuteri showing significantly higher acid phosphatase. For
phytase, L. reuteri showed significantly higher activity in SPM whereas L. delbrueckii subsp.
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bulgaricus SR35 showed lower activity in SPM and in MRS. L. reuteri was also reported in
another study for high phytase activity (Palacios et al., 2005) while L. delbrueckii reported for
low phytase activities compared to other LAB strains (Shirai et al., 1994). Phytase was found
low in all strains compared to acid phosphatase.
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Figure 12. Relative activity (%) of acid phosphatase and phytase in SPM compared to MRS.
In general, phytase activity in the tested strains seems to be low compared to acid
phosphatase. Palacios et al. (2005) showed that LAB strains had higher activity against ρnitrophenyl phosphate than phytate. Other studies have also shown that the phytase activity of
LAB is generally low compared to other bacterial genera (De Angelis et al., 2003; Palacios et al.,
2005). Thus, phytase do not seem to be common in LAB strains. The phytate-degrading activity
of LAB seems to be due to a non-specific acid phosphatase, which shows high hydrolysis rates
with monophosphorylated compounds (De Angelis et al., 2003; Palacios et al., 2005). However,
the tested LAB strains showed higher phytase activity in SPM than that in MRS. In addition,
phytase activity of L. reuteri (CF2-2F and SD2112) was increased in SPM by 78% and 67%
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respectively. Thus, LAB could express better acid phosphatase and phytase activities growing in
SPM compared to that in MRS.
6.5 Conclusion
SPM appeared to be a suitable medium for the growth LAB. The tested LAB strains
showed the same level of growth in SPM compared to that in MRS. Enzymatic activities of LAB
strains showed significant differences among strains in both SPM and MRS. Since L. reuteri
(CF2-2F and SD112) showed the highest enzymatic activities for α-glucosidase, acid phosphates,
and phytase and L. delbrueckii subsp. bulgaricus SR35 showed the highest β-glucosidase
activity, these strains should be given more attention in probiotic and food fermentation
applications. The differences in enzymatic activities of LAB strains between SPM and MRS
suggest that the medium composition has a significant effect on the enzymatic activities of LAB.
Our results indicated that LAB strains could relatively express higher β-glucosidase, acid
phosphatase, and phytase and lower α-glucosidase in SPM compared to that in MRS. Thus, SPM
could be a suitable medium for the growth and enzymatic activities of LAB and may also support
other bioactivities.
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CHAPTER 7
Impact of Metal Ions on the Enzymatic Activity of Lactobacillus reuteri Grown in a Sweet
Potato Based Medium
7.1 Abstract
Indigested complex carbohydrates such as starch, glycogen, cellulose, and phytate that
are rich in different plants can be further metabolized by probiotic bacteria. Lactobacillus reuteri
is among the most important probiotic species with well documented characteristics. The
objective of this study was to investigate the effect of different metal ions on α–glucosidase (EC
3.2.1.20), β-glucosidases (EC 3.2.1.21), acid phosphatase (EC. 3.1.3.2), and phytase (EC.
3.1.3.26) activities of L. reuteri growing in sweet potato based medium. Ten mM of Na+, K+,
Fe2+, and Mg2+ and 5 mM and Mn2+, Ca2+ were added separately to SPM. Six strains of L. reuteri
(CF2-7F, DSM20016, MF14-C, MM2-3, MM7, and SD2112) where then inoculated to SPM. In
control, the highest activity of α-glucosidase, β-glucosidase, acid phosphatase, and phytase was
obtain from L. reuteri DSM20016, L. reuteri MM2-3, L. reuteri CF2-7F, and L. reuteri
DSM20016, respectively. L. reuteri DSM20016 showed high enzymatic activity for all tested
enzymes and showed better response to metal ions compare to other strains. The addition of
metal ions was found suitable approach to enhance the enzymatic activity of L. reuteri. The
addition of Mg2+ or Mn2+ followed by the addition of Ca2+ showed the highest enhancement
effect for all tested enzymes. The response of L. reuteri strains to metal ions was found strain
dependent. Thus the enzymatic activity of L. reuteri in SPM could be enhanced by the addition
of metal ions which may lead to improve the probiotic characteristic of L. reuteri and have a
good potential for more applications in food industry.
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7.2 Introduction
Foods from plants such as fruits, vegetable, cereals, legumes and nuts contain different
type of indigestible fibers including oligosaccharides, cellulose, and phytate. Because plants are
essential part of human food, indigestible fibers are ingested in significant quantities by humans.
One of the most important probiotic characteristics of Lactobacillus is their ability to alleviate
digestive problems in humans that are a result of inability to digest complex carbohydrates.
Lactobacillus strains that can possess α-glucosidase, β-glucosidase, acid phosphatase, and
phytase could help to solve several indigestibility problems and also improve nutrient availability
(Mahajan et al., 2010; Palacios et al., 2008b; Raghavendra & Halami, 2009; Zotta et al., 2007).
α–Glucosidase (α-D-glucoside glucohydrolase, EC 3.2.1.20) is responsible for hydrolyzing
glycosidic bonds in oligosaccharides (starch, disaccharides, and glycogen) and releasing αglucose (Krasikov et al., 2001). β-Glucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21) can
hydrolyse all four of β-linked glucose dimmers in cellulose to produce glucose monomers
(Sestelo et al., 2004). Acid phosphatase (orthophosphoric monoester phosphohydrolase, EC.
3.1.3.2) and phytase (myo-inositol hexakisphosphate 6-phosphohydrolases; EC 3.1.3.26) can
break down phytate and reduce its antinutritional properties (Iqbal et al., 1994; López-González
et al., 2008; Palacios et al., 2005). The specificity of acid phosphatases and phytase can partly
overlap since acid phosphatase produced by microorganisms have also phytase activity (Simon
& Igbasan, 2002). Thus, α-glucosidase, β-glucosidase, phytase, and acid phosphatase are among
the most important enzymes that produced Lactobacillus strains.
The complex media composition and complex growth requirements are important factors
affecting the enzymatic activity of Lactobacillus strains. Ingredients such as metal ions, sugars,
protein, and Tweens in complex media could affect enzymatic activity of Lactobacillus strains
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(Tham et al., 2010). Metal ions requirements and effect of metal ions on Lactobacillus growth
trains can vary among strains. The addition of Mg2+ and Mn 2+ to minimal medium of
Lactobacillus plantarum has assured its growth (Wegkamp et al., 2010). Mg2+, Mn2+, Na+, K+,
and Cl- were found essential components in minimal growth media for Lactobacillus plantarum
(Wegkamp et al., 2010). The effect of metal ions on the enzymatic activity of Lactobacillus has
been studied widely. For example, α-glucosidases activity was stimulated by Mn2+ and Mg2+
(Hendriksz & Gissen, 2011). The addition of 10 mM of Mn2+ has caused significant
enhancement for β-glucosidase activity while 10 mM of Zn2+ or Cu2+ has caused up to 90%
reduction of β-glucosidase (Jeng et al., 2011). The enzymatic activity of acid phosphatase was
enhanced by Ca2+ and Mg2+ with higher effect of Ca2+ (Tham et al., 2010). NaCl and KCl have
been reported to significantly increase the specific activities acid phosphatases whereas LiCl can
suppressed their enzymatic activity (Bylund et al., 1990). However, Mn2+, Mg2+, Ca2+, Fe2+, K+,
and Na+ have been studied widely for their influence on growth and enzymatic activity of
Lactobacillus (Boyaval, 1989; Foucaud et al., 1997; Ibrahim et al., 2010; Macedo et al., 2002;
Wegkamp et al., 2010). In addition, heavy metals such as Cadmium, Mercury, Caesium, Copper,
Zinc, Cobalt, Uranium, and Thorium are very fragment and have an inhibitory effect on LAB
growth.
Sweet potatoes (Ipomoea batatas (L.) Lam.) (Batatas an Arawak name) are a rich source
of carbohydrates (mainly starch and sugars), some amino acids, vitamins (vitamin A, vitamin C,
thiamin (B1), riboflavin (B2), niacin, and vitamin E), minerals (calcium, iron, magnesium,
phosphorus, potassium, sodium, and zinc), and dietary fiber (Broihier, 2006; Padmaja, 2009).
Sweet potatoes also contain other minor nutrients such as antioxidants, triglycerides, linoleic
acid, and palmitic acid (Broihier, 2006; Padmaja, 2009). This nutritional tuber has the potential
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to support the growth and enzymatic activity, of Lactobacillus strains. However, complex
nutrient in sweet potato may influence the functionality of Lactobacillus since the growth
environment and media composition have a significant effect on the enzymatic activity of
Lactobacillus (Di Cagno et al., 2010; Mahajan et al., 2010; Palacios et al., 2005; Shirai et al.,
1994).
Therefore, the objective of this study was to investigate the effect of different metal ion
on enzymatic activity Lactobacillus reuteri grown in a sweet potato based medium. Four
enzymes will be studied including α-glucosidase, β-glucosidase, acid phosphatase, and phytase
in the present of six metal ions including Na+, K+, Fe2+, Ca2+, Mn2+, and Mg2+.
7.3 Materials and Methods
7.3.1 Media preparation. Fresh sweet potatoes (Covington cultivar) were obtained from
Burch Farms in Faison NC, USA. Sweet potatoes were baked in a conventional oven at 400˚C
for 1h. Baked sweet potatoes were peeled and blended in a kitchen blender with deionized
distilled water (DDW) at 2:1 ratio (DDW (mL) to sweet potato (g)). The solution was then
centrifuged at 7800×g for 10 min using Thermo Scientific* Sorvall RC 6 Plus Centrifuge
(Thermo Scientific Co., Asheville, NC, USA) and the supernatant was collected. To form sweet
potato medium (SPM), 1L of supernatant was mixed with the following ingredients: sodium
acetate (5g), potassium monophosphate (2g), ammonium citrate (2g), and Tween 80 (1mL), beef
extract (Neogen Corporation, Lansing, MI, USA) (4g), yeast extract (Neogen Corporation) (4g),
and proteose peptone #3 (4g). Magnesium sulfate and manganese sulfate were excluded from the
media since their effect on the enzymatic activity will be studied. SPM was autoclaved at 121˚C
for 15 min, cooled down, and stored at 4ºC to be used within 3 days. All ingredients were
obtained from Thermo Scientific Co. (Asheville, NC, USA) unless otherwise noted.
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7.3.2 Bacterial culture activation and preparation. L. reuteri strains in Table 23 were
activated in SPM broth by transferring 100 µL of stock culture to 10 mL SPM broth, incubated at
37˚C for 24 h, and stored at 4°C. Prior to each experimental replication, bacterial strains were
streaked on SPM agar and incubated for 48 h at 37 °C. One isolated colony was transferred to 10
mL SPM broth and incubated at 37°C. Activated L. reuteri strains were then subcultured twice in
batches of 10 mL SPM broth and incubated for 24 h at 37ºC to ensure media adaptation.
Table 23
Strains of L. reuteri and Sources that were Used in this Study
L. reuteri

Source

MF14C

Mother fecal isolate

CF2-7F

Child fecal isolate

DSM20016

Mother’s milk

SD2112

Mother’s milk

MM7

Mother’s milk

MM2-3

Mother’s milk

7.3.3 Assay procedure. To study the effect of metal ions on α-glucosidase, βglucosidase, acid phosphatase, and phytase activities, 10 mM of FeSO4.4H2O, MgSO4.7H2O,
K2SO4, or Na2SO4, and 5 mM of MnSO4.4H2O or CaSO4.7H2O were added to the SPM. Metal
ions were added separately to batches of 60 mL SPM broth in 250 mL bottles. The use of 10 mM
or less of metal ions was established to avoid the hypertonic pressure on the bacterial cells
(Ibrahim et al., 2010). The used 5 mM of MnSO4.4H2O and CaSO4.7H2O was required since
higher concentrations of these metals did not dissolve completely in SPM. Batches of 60 mL
SPM without metal ions were served as control. Samples were then inoculated with 3% v/v
precultured L. reuteri and incubated at 37ºC for 16 h. Bacterial growth was monitored by
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measuring the turbidity (Optical density at 610 nm) at 2h intervals using a 96-well microplate
reader (BioTek Institute,Winooski, VT).
At the end of incubation, cultures were divided into two portions at 30 mL each and the
cells were harvested by centrifugation at 7800g for 10 min at 4˚C. Portions used for αglucosidase and β-glucosidase activities were washed twice with 0.5 M sodium phosphate buffer
(pH 6.0) and suspended in 1 mL of the same buffer. Portions used for acid phosphatase and
phytase activities were washed with 50 mM Tris-HCl (pH 6.5) and suspended in 1 mL 50 mM
sodium acetate-acetic acid (pH 5.5). Suspended cells were maintained in Eppendorf tubes
containing 0.1 mm glass beads and treated with a Mini-BeadBeater-16 (Biospec Products,
Bartlesville, OK, USA) for a total of 3 min. After every minute, the samples were rested for 15s
in ice bath to avoid overheating. Samples were then centrifuged (12,000g for 20 min) and
supernatants were used for enzyme assay analysis of α-glucosidase, acid phosphatase, and
phytase. Disrupted cells from first portion were suspended in a minimum amount of sodium
phosphate buffer and used for enzyme assay analysis of β-glucosidase.
7.3.4 Determination of α-glucosidase and β-glucosidase. Activities of α-glucosidase
and β-glucosidase were determined by monitoring the rate of hydrolysis of ρ-nitrophenyl-α-Dglucopyranoside and ρ-nitrophenyl-β-D-glucopyranoside respectively (Mahajan et al., 2010). For
α-glucosidase, 1 mL of 10 mM ρ-nitrophenyl-α-D-glucopyranoside substrate was added to 0.5
mL of enzyme sample, and samples were then transferred into a water bath at 37 ˚C for 20 min.
For β-glucosidase, 1 mL of 10 mM ρ-nitrophenyl-β-D-glucopyranoside was added to 0.5 mL of
enzyme sample, and samples were then transferred into water bath at 37 ˚C for 20 min. All
reactions were stopped by adding 2.5 mL of 0.5 M Na2CO3. The released yellow ρ-nitrophenol
was determined by measuring the optical density at 420 nm. One unit of α-glucosidase or β-
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glucosidase (Glu U/mL) was defined as 1.0 µM of ρ-nitrophenol liberated per minute under the
assay conditions.
7.3.5 Determination of acid phosphatase and phytase. Acid phosphatase (E.C.3.1.3.2.)
was determined by monitoring the rate of hydrolysis of ρ-nitrophenyl phosphate (ρ-NPP) and
phytase activity was determined by measuring the amount of liberated inorganic phosphate from
sodium phytate. (Haros et al., 2008). For acid phosphatase, 250 µL of 0.1 M sodium acetate
buffer (pH 5.5) containing 5 mM ρ-NPP was mixed with 250 µL of enzyme sample. After
incubation at 50°C for 30 min in a water bath, the reaction was stopped by adding 0.5 mL of 1.0
M NaOH and the released ρ-nitrophenol was measured at 420 nm. For phytase, 400 µL of 0.1 M
sodium acetate (pH 5.5) containing 1.2 mM sodium phytate was mixed with 250 µL of enzyme
sample. After incubation for 30 min at 50°C in a water bath, the reaction was stopped by adding
100 µL of 20% trichloroacetic acid solution. An aliquot was analyzed to determine the liberated
inorganic phosphate (Pi) by the ammonium molybdate method, at 420 nm (Tanner & Barnett,
1986). One unit of acid phosphatase or phytase (Ph U/mL) was defined as 1.0 µM of ρnitrophenol or 1.0 µM of Pi liberated per minute respectively under the assay conditions.
7.3.6 Statistical analysis. Each experimental test was conducted three times in
randomized block design to evaluate the effect of metal ions on the enzymatic activities of L.
reuteri in SPM. Mean values and standard deviations were calculated from the triplicate tested
samples. R Project for Statistical Computing version R-2.15.2 (www.r-project.org) was used to
determine significant differences in the effect of metal ions on the enzymatic activities of the
tested L. reuteri strains and significant differences in the enzymatic activities among strains
using one way and multiday ANOVA (analysis of variance) with a significance level of p < 0.05.
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7.4 Results and Discussion
7.4.1 Growth of Lactobacillus reuteri in present of metal ions. Since sweet potatoes are
rich in sugars, vitamins, and minerals but poor in protein, SPM was supplemented with different
nitrogen sources (peptone, yeast extract, and beef extract) to serve the growth of Lactobacillus.
As previously reported, supplementation of food byproducts or agricultural products with an
external nitrogen sources could ensure suitable media for the growth of Lactobacillus (Burns et
al., 2008; Baida Djeghri-Hocine et al., 2007; Krzywonos & Eberhard, 2011). For example,
supplementation of sugarcane bagasse and cassava bagasse yeast extract was found important for
sufficient growth of Lactobacillus bulgaricus (John et al., 2006). It is also well documented that
media composition has a significant effect on Lactobacillus growth (Baida Djeghri-Hocine et al.,
2007; Krzywonos & Eberhard, 2011; Zacharof & Lovitt, 2012). However, sweet potato
supplemented with external nitrogen sources appeared to be convenient medium that can serve
the growth of Lactobacillus.
Metal ions have an important role for the growth and enzymatic activity of Lactobacillus.
The growth of L. reuteri in the present of different metal ions in SPM was monitored using
optical density (610 nm). Figure 13 shows the survival and growth of L. reuteri strains in the
presence of different metal ions during 16 h of incubation at 37°C. All tested L. reuteri strains
were able to survive and grow in the present of metal ion. Strains of L. reuteri showed same
growth rates in the present of Na+, Fe2+, and K+ as control groups. The present of Mg2+ and Mn2+
enhanced the growth of L. reuteri while Ca2+ slowed down the growth. In the media without
metal ion, L. reuteri continued to grow and reached an OD of 1.75 within 16 h of incubation. In
the media with metal ion, L. reuteri reached an OD of 1.63, 1.57, 1.74, 1.78, 1.94, and 1.90 in the
present of Fe2+, Ca2+, Na+, K+, Mg2+, and Mn2+ respectively within 16 h of incubation.
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Figure 13. Effect of adding different metal ions on the growth pattern of L. reuteri. Results of six
strains of L. reuteri were pooled for each metal ion.
Strains of L. reuteri grew better in SPM with the addition of Mn2+ and Mg2+ while they
all grew slower in SPM with the addition of Fe2+ and Ca2+ compared to control (see Figure 14).
On the other hand, Mn2+ and Mg2+ have been reported in several studies as essential minerals for
the growth of various lactobacilli strains (Boyaval, 1989; Letort & Juillard, 2001; Macedo et al.,
2002; Wegkamp et al., 2010). It was suggested that high Mn2+ concentration helps the cell to
deal with reactive oxygen species and serves as an alternative for the absence of a gene encoding
a superoxide dismutase (Wegkamp et al., 2010). The present of Na+ enhanced the growth of
MF14C, CF2-7F, and DSM20016 but slow down the growth of SD2112, MM7, and MM2-3. K+
showed no effect on the growth L. reuteri. Among all tested strains, L. reuteri CF2-7F and
DSM20016 were more sensitive to the addition of Ca2+. Ca2+ was previously reported to
stimulate the growth of Streptococcus (Letort & Juillard, 2001). Here we are reporting the
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negative effect of Ca2+ on the growth of L. reuteri. Fe2+ also showed a negative effect on the
growth of L. reuteri at 16 h. The negative effect of Fe2+ on the growth of L. reuteri was also
reported in a previous study (Ibrahim et al., 2010). Figures 13 and 14 indicated that the addition
metal ions could have negative or positive effects on the growth of L. reuteri. However, all tested
L. reuteri strains remained viable and continue to grow within the incubation period of 16 h.

Figure 14. Effect of adding different metal ions on the growth of L. reuteri after 16 h of
incubation at 37ºC.
7.4.2 Induction of α-glucosidase by different metal ions. In the control group without
the addition of metal ions, α-glucosidase activity ranged between 20.65±1.70 and 40.06±2.80
Glu U/mL for L. reuteri MM2-3 and L. reuteri MF14C respectively (see Table 24). The metal
ions were added to the culture media in order to enhance the enzyme activity. In most case, α-
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glucosidase activity produced by L. reuteri was enhanced by the addition of metal ions.
However, some metal ions caused a decrease in α-glucosidase activity produced by L. reuteri.
Fe2+ and K+ showed significant (p < 0.05) decrease in α-glucosidase activity for all tested L.
reuteri. Mg2+ and Mn2+ enhanced α-glucosidase activity in all tested L. reuteri and showed the
highest α-glucosidase activity. The addition of Ca2+ or Na+ was showed to enhance αglucosidase activity of some strains including DSM20016, MM7, and MM2-3 and decreased the
activity in MF14C and SD2112. α-Glucosidase produced by L. reuteri CF2-7F was enhanced by
the addition of Na2+ and decreased by the addition of Ca2+. This indicated that the effect of
Ca2+ and Na+ on α-glucosidase activity could be strain dependent.
Table 24
Effect of Different Metal Ions on α-Glucosidase Activity (Glu U/mL) Produced by L. reuteri
α-Glucosidase activity (Glu U/mL)*
Control

Fe2+

Ca2+

Na+

K+

Mg2+

Mn2+

MF14C

40.06
±2.80bA

25.90
±2.72cA

26.32
±3.50cB

38.38
±1.98bB

13.71
±1.70dBC

61.74
±3.09aA

58.31
±2.88aA

CF2-7F

34.38
±1.36bB

20.48
±1.75cB

25.20
±1.83cB

47.59
±1.86aA

10.52
±1.30dC

46.30
±2.64aB

32.83
±2.91bC

DSM20016

31.80
±2.01dBC

30.20
±2.27dA

41.69
±2.89cA

46.14
±2.66bcA

26.22
±1.09dA

50.64
±1.30aB

55.52
±4.68aA

SD2112

29.34
±1.27cC

19.54
±3.89 dB

20.57
±1.82dC

34.58
±2.32abB

15.59
±1.11dB

35.51
±2.74abC

40.55
±1.90aB

MM7

25.32
±2.32cdCD

19.40
±1.75deB

35.93
±3.62abA

37.57
±4.39aB

12.59
±1.83eBC

28.13
±3.22bcD

35.68
±2.63abC

MM2-3

20.65
±1.70bcE

18.28
±1.49bcB

24.79
±2.72bB

24.98
±2.30bC

14.79
±2.60eB

44.11
±3.20aB

41.42
±3.66aB

L. reuteri

*Data points with different lower case letters in the same row are significantly (p < 0.05) different. Data points with
different upper case letters in the same column are significantly (p < 0.05) different.
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Figure 15 shows relative comparisons in α-glucosidase activities in the present of metal
ions. Strain of MM2-3 showed the highest relative increase in α-glucosidase activity in present of
Mg2+ and Mn2+. K+ caused the highest negative impact on all L. reuteri strains. The present of
Ca2+ showed relatively increase in α-glucosidase by some strains such as MM7 and decrease αglucosidase produced by other strains such as SD2112. Since not all L. reuteri strains response at
the same level to the present of metal ions, we conclude the effect of metal ions on α-glucosidase
activity is strain depended. The enhancement effect of metal ions on α-glucosidase produced by
L. reuteri was in the following order (Mn2+ = Mg2+) >Na+ >Ca2+ > Fe2+ > K+.
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Figure 15. Relative activity (%) of α-glucosidase produced by L. reuteri grown in SPM with the
addition of different metal ions compared to control group.
Previous studies showed that the addition of metal ions to the growth media of
Lactobacillus may affect α-glucosidase activity. α-glucosidases activity was stimulated by the
addition of Mn2+, Mg2+, L-cysteine, L-histidine, Tris, and EDTA (Hendriksz & Gissen, 2011). αglucosidase activity from L. rhamnosus R was inhibited by Mn2+, Cu2+, and Fe2+ and Zn2+ and
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slightly activated by Li+, Na+, K+, Ca2+, Co2+, and Mg2+ (Pham et al., 2000). These results may
agree with our conclusion that the effect of metal ions on α-glucosidase activity is strain
dependent. However, Pham et al. (2000) results conflict with our findings in which Mn2+
enhanced α-glucosidase activity and K+ decreased α-glucosidase activity. Thus, to produce
higher α-glucosidase activity from L. reuteri, optimization of medium components using
different metal ions is recommended. The highest α-glucosidase activity was obtained for
MF14C in the present of Mg2+ or Mn2+. Therefore, it is recommended to add Mg2+ and in most
cases Mn2+ to the culture media for best enhancement for α-glucosidase.
7.4.3 Induction of β-glucosidase by different metal ions. In the control group without
the addition of metal ions, β-glucosidase activity ranged between 6.94±1.29 and 17.82±1.45 Glu
U/mL for L. reuteri MF14C and L. reuteri MM2-3, respectively (see Table 25). Without the
addition of metal ions, L. reuteri MM2-3 showed significantly (p < 0.05) the highest βglucosidase compare to other strains. The highest β-glucosidase in the present of metal ions was
produced by L. reuteri DSM20016 in the presence of K+ (26.22 ±1.09 Glu U/mL). The lowest βglucosidase in the present of metal ions was produced by L. reuteri MF14C in the presence of
Ca2+ (9.66 ±2.17 Glu U/mL).
The additions of metal ions showed relatively high enhancement effect on β-glucosidase
produced by L. reuteri (see Figure 16). L. reuteri SD2112 showed the highest response to the
addition of metal ions while L. reuteri MM2-3 showed the lowest response to the addition of
metal ions. In average, the addition of metal ions to SPM enhanced β-glucosidase activity in L.
reuteri SD2112 and MM2-3 by 100.9% and 25.9% respectively. The addition of Fe2+ and Ca2+
enhanced β-glucosidase activity in L. reuteri MM7 by 143.9% and 121.8% respectively
compared to the control.
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Table 25
Effect of Different Metal Ions on β-Glucosidase Activity (Glu U/mL) Produced by L. reuteri
β-Glucosidase activity (Glu U/mL)*
Control

Fe2+

Ca2+

Na+

K+

Mg2+

Mn2+

MF14C

6.94
±1.29cC

11.46
±1.66abC

9.66
±2.17bC

11.18
±1.60abC

13.71
±1.70aBC

10.15
±1.74bD

12.30
±1.29aB

CF2-7F

10.11
±1.58cB

18.02
±2.21aAB

21.93
±2.05aA

16.86
±1.12abB

10.52
±1.30cD

13.60
±1.13bC

16.71
±1.93abA

DSM20016

12.04
±1.05dB

21.05
±2.23bA

22.45
±1.70bA

18.24
±1.75bcB

26.22
±1.09aA

20.57
±1.28bAB

16.87
±1.08cdA

SD2112

7.59
±1.20cdC

17.21
±1.94aAB

17.44
±1.90aB

10.46
±1.69cC

15.59
±1.11abB

17.50
±1.72aBC

13.28
±1.50bcB

MM7

7.92
±0.88cC

19.32
±2.94aAB

17.57
±1.70aB

12.37
±1.75bC

12.59
±1.83bCD

14.28
±1.60abC

9.82
±1.68cC

MM2-3

17.82
±1.45bA

23.60
±2.27aA

22.70
±3.27aA

23.48
±3.21aA

24.79
±2.60aA

22.57
±3.24aA

17.52
±2.06bA

L. reuteri

*Data points with different lower case letters in the same row are significantly (p < 0.05) different. Data points with
different upper case letters in the same column are significantly (p < 0.05) different.

The addition of Fe2+ or Ca2+ enhanced β-glucosidase activity in L. reuteri SD2112 by
126.7% and 129.8% respectively compared to the control. The enhancement effect of metal ions
on β-glucosidase produced by L. reuteri was in the following order (Fe2+ = Ca2+) > K+ > Mg2+ >
Na+ > Mn2+. However, all metal ions showed enhancement effect on β-glucosidase produced by
L. reuteri. The effect of metal ions on β-glucosidase activity produced by L. reuteri is not the
same for all strains. For example, the addition of K+ enhanced β-glucosidase produced by L.
reuteri CF2-7F and L. reuteri SD2112 by 4.1% and 117.8% respectively. On the other hand, the
response of L. reuteri strains to metal ions showed wide differences. For example, β-glucosidase
produced by L. reuteri MM7 was enhanced by 143.9% by Fe2+ and by only 24.0% by Mn2+.
Thus the enhancement effect of metal ions on β-glucosidase activity was found a strain
dependent since the response of strains to metal ions showed wide differences.
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Figure 16. Relative activity (%) of β-glucosidase produced by L. reuteri grown in SPM with the
addition of different metal ions compared to control group.
Previous studies also showed that the effect of metal ions on β-glucosidase activity varied
with the bacterial strain and concentration of the metal ion used (Pham et al., 2000). The addition
of 10 mM of Mn2+ has caused significant enhancement (150% to 230%) for β-glucosidase
activity from Clostridium cellulovorans while 10 mM of Zn2+ or Cu2+ has caused up to 90%
reduction of β-glucosidase (Jeng et al., 2011). β-Glucuronidase produced by L. rhamnosus R was
completely inhibited by Mn2+, and it 60% of its activity with Fe2+ (Pham et al., 2000). The
activity of β-glucosidase was highest in the cell-bound fraction, showing that this enzyme is
mostly cell bound rather than intracellular (Pham et al., 2000).
7.4.4 Induction of acid phosphatase by different metal ions. Table 26 shows acid
phosphatase activity of L. reuteri in SPM in the present of metal ions. Acid phosphatase activity
in control samples ranged between 8.73±1.11 and 20.56 ±0.74 Ph U/mL for L. reuteri MM2-3
and SD2112 respectively. In the presence of metal ions, acid phosphatase ranged between
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9.52±1.14 and 29.33±2.36 Ph U/mL for DSM20016 L. reuteri MM2-3 in the presence of Fe2+
and L. reuteri DSM20016 in the presence of Mg2+ respectively. The presence of Mg2+ and Ca2+
showed significant (p < 0.05) enhancement effect on acid phosphatase activity for all tested L.
reuteri strains. The influence of metal ions on acid phosphatase produced by L. reuteri was
found to vary among strains. Some strains such as MM2-3 was found more sensitive to the
present of metal ions whereas acid phosphatase produced by this strain was significantly (p <
0.05) enhanced by all metal ions except Fe2+. Other stains where found less sensitive such as
DSM20016 whereas acid phosphatase produced by this strain was enhanced only by Mg2+. Acid
phosphatase produced by CF2-7F was significantly (p < 0.05) enhanced by Ca2+, K+, Mg2+, and
Mn2+ but showed no effect to other metal ions.
Table 26
Effect of Different Metal Ions on Acid Phosphatase Activity (Ph U/mL) Produced by L. reuteri
Acid phosphatase activity (Ph U/mL)*
L. reuteri
MF14C
CF2-7F
DSM20016
SD2112
MM7
MM2-3
*

Control

Fe2+

Ca2+

Na+

K+

Mg2+

Mn2+

13.59
±1.51bB
14.28
±1.2cB
18.69
±1.15bcA
20.55
±0.74bA
12.60
±1.63cB
8.73
±1.11cC

14.51
±1.24bB
13.44
±1.11cB
15.61
±2.40cB
19.73
±0.36bA
14.65
±0.98abB
9.52
±1.14bcC

19.14
±1.51aB
20.45
±2.16abB
21.41
±2.01bB
24.78
±0.91aA
18.43
±2.66aB
14.65
±1.21aC

13.49
±0.98bB
14.88
±1.57cB
20.00
±1.27bA
20.50
±0.95bA
13.75
±2.37bcB
11.91
±1.41abBC

13.74
±0.74bC
18.69
±1.16bB
20.96
±2.19bB
26.64
±1.39aA
13.74
±1.20bcC
10.12
±1.31bcD

22.24
±2.49aB
23.25
±2.38aB
29.33
±2.36aA
27.81
±2.43aAB
14.88
±1.31abC
14.24
±1.49aC

14.06
±0.90bC
23.46
±2.07aA
18.91
±1.95bcB
24.29
±2.54aA
17.27
±2.53aBC
12.71
±1.37abCD

Data points with different lower case letters in the same row are significantly (p < 0.05) different. Data points with
different upper case letters in the same column are significantly different (p < 0.05).
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The relative effect of metal ions on acid phosphatase produced by L. reuteri showed wide
range of differences (see Figure 17). L. reuteri MM2-3 showed the highest response to the
addition of metal ions whereas L. reuteri DSM20016 showed the lowest response to the addition
of metal ions in regard to acid phosphatase activity. In average, the addition of metal ions to
SPM enhanced acid phosphatase activity of L. reuteri MM2-3 and DSM20016 by 39.7% and
12.6% respectively. In general, the addition of metal ions relatively enhanced acid phosphatase
produced by L. reuteri. The enhancement effect of metal ions on acid phosphatase produced by
L. reuteri was in the following order Mg2+ > Ca2+ > Mn2+ > K+ > Na+ > Fe2+.
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Figure 17. Relative activity (%) of acid phosphates produced by L. reuteri grown in SPM with
the addition of different metal ions compared to control group.
The effect of metal ions on the activity of acid phosphatase was found to vary among L.
reuteri strains. Other studies have shown that acid phosphatase activity differ in their pH optima,
metal ion requirements, substrate specificities, and possibly even reaction mechanisms (Wyss et
al., 1999). In addition, Mn2+ was reported to stimulates good phosphatase activity which may be
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explained by that many protein phosphatases have Mn2+ (Pallen & Wang, 1985). Our results
showed that Mg2+, Ca2+, and Mn2+ have the highest enhancement effect on acid phosphatase
produced by L. reuteri. Our results showed that the effect of metal ions on acid phosphates from
L. reuteri is strain dependent. This may agree with other studies showing that the effect of metal
ions on acid phosphates from bacteria is a strain dependent (Aqel, 2012; Palacios et al., 2005).
For example, the activity of the acid phosphatase enzyme of thermophilic bacillus strains was
strongly inhibited by Co2+ for all tested bacteria (Aqel, 2012) while Palacios and others (2005)
reported the stimulating effect of Co2+ on acid phosphatase from L. pentosus CECT 4023. Two
thermophilic Bacillus strains showed optimum acid phosphatase in the presence of 1 mM Fe 2+
or Mn2+ whereas another two thermophilic Bacillus strains showed optimum acid phosphatase
activity in the presence of Mg2+ (Aqel, 2012). Acid phosphatase from Clostridium perfringens
was also enhanced in the presence of some metal ions such as Mg2+ and Cu2+ but diminished by
Co2+. In conflict with our results, Fe2+ was found to be an inhibitor to acid phosphatase L.
sanfranciscesis (Palacios et al., 2005), while our results showed that acid phosphatase from L.
reuteri was almost not effected by Fe2+. Mg2+ showed the highest enhancement effect acid
phosphatase from L. reuteri. The acid phosphatase from E. coli MG1655 was stimulated by Mg2+
(Thaller, Schippa, & Rossolini, 1998) whereas Mg2+ showed no effect on acid phosphatase in
Citrobacter spp. (Jeong, Poole, Willis, & Macaskie, 1998). Thus, the effect of metal ions on
bacterial acid phosphatase may vary among species and even among strains. The response of L.
reuteri to different metal ions also showed wide differences. In general, the tested metal ions
could enhance acid phosphatase produced by L. reuteri.
7.4.5 Induction of phytase by different metal ions. Table 27 shows phytase activity of
L. reuteri in SPM in the present of metal ions. Phytase activity in control samples ranged
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between 0.51±0.04 and 0.90±0.05 Ph U/mL for L. reuteri MM2-3 and DSM20016 respectively.
In the presence of metal ions, phytase ranged between 0.45±0.04 and 1.16±0.20 Ph U/mL for L.
reuteri MM2-3 in the presence of Na+ and L. reuteri DSM20016 in the presence of Ca2+
respectively. Presence of Ca2+ or Mn2+ in SPM showed significant (p < 0.05) enhancement effect
on phytase activity for most tested L. reuteri strains. On the other hand, the presence of Fe2+ or
Na+ showed significant (p < 0.05) reduction in phytase activity for most tested L. reuteri strains.
Presence of K+ or Mg2+ in SPM enhanced phytase activity of MF14C, MM7, and MM2-3 and
showed reduction or no effect on other strains. Thus, the influence of metal ions on phytase
produced L. reuteri could differ widely according to different strain and different metal ion.
Some strains such as DSM20016 did not show any significant enhancement in phytase activity in
the presence of metal ions. Phytase produced by L. reuteri DSM20016 was reduced by several
metal ions including Fe2+, Na+, K+, and Mg2+. Phytase produced by L. reuteri MF14C and MM7
was enhanced by all metal ions except Fe2+ and Na2+.
The relative effect of metal ions on phytase produced by L. reuteri was summarized in
Figure 18. In regard to phytase enhancement, L. reuteri MM2-3 showed the highest the
enhancement response to the addition of metal ions showing an average increase by 52.9%. L.
reuteri DSM20016 showed the highest inhibition response to the addition of metal ions showing
an average decrease by 17.6%. The other strains showed slight response to the present of metal
ions. Ca2+ showed enhancement effect on all strains while Fe2+ showed inhibition effect on all
strains. Mn2+ enhanced the production of phytase in all strains except L. reuteri DSM20016 and
showed the best enhancement effect that was ranged between 20.8 and 74.5%. The enhancement
effect of metal ions on phytase produced by L. reuteri was in the following order Mn2+ > Ca2+ >
Mg2+ > K+ > Fe2+ > Na+.

144
Table 27
Effect of Different Metal Ions on Phytase Activity (Ph U/mL) Produced by L. reuteri

Control
Fe2+
0.72
0.63
bcBC
±0.08
±0.06cA
CF2-7F
0.67
0.62
bcC
±0.05
±0.07bcA
DSM20016
0.90
0.67
abA
±0.05
±0.04cA
SD2112
0.81
0.64
bAB
±0.06
±0.05cA
MM7
0.68
0.61
bcC
±0.04
±0.06cA
MM2-3
0.51
0.47
cD
±0.04
±0.04cB
L. reuteri
MF14C

Phytase activity (Ph U/mL)*
Ca2+
Na+
K+
Mg2+
0.76
0.64
0.93
0.81
abBC
cAB
aA
±0.11
±0.05
±0.08
±0.05abA
0.78
0.55
0.69
0.81
bB
cB
bBC
±0.08
±0.04
±0.05
±0.06bA
1.16
0.46
0.61
0.73
aA
cBC
bcBC
±0.20
±0.15
±0.23
±0.19bAB
0.99
0.68
0.63
0.66
aA
bcA
cBC
±0.06
±0.03
±0.04
±0.08bcB
0.78
0.59
0.76
0.82
abB
cB
abB
±0.06
±0.09
±0.06
±0.04aA
0.65
0.45
0.63
0.77
bC
cC
bBC
±0.04
±0.03
±0.11
±0.05bAB

Mn2+
0.87
±0.05abB
0.95
±0.06aA
0.81
±0.17abA
1.03
±0.06aA
0.91
±0.14aAB
0.89
±0.03aB

*

Data points with different lower case letters in the same row are significantly (p < 0.05) different. Data points with
different upper case letters in the same column are significantly (p < 0.05) different.

200.0
Fe2+

Ca2+

Na+

K+

Mg2+

Mn2+

Relative activity %

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0

MF14C

CF2-7F

DSM20016

SD2112

MM7

MM2-3

Strains

Figure 18. Relative activity (%) of phytase produced by L. reuteri grown in SPM with the
addition of different metal ions compared to control group.
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The effect of metal ions on phytase activity of Lactobacillus was previously investigated.
The effect of metal ions on phytase activity was reported to vary according to bacterial strain and
concentration of the metal ions. Tang and others (2010) reported that L. acidophilus
ATCC33200, L. acidophilus ATCC4356, and L. casei ASCC290 for the highest phytase activity
compared to the other lactobacilli strains. Most strains tested by Tang and his colleagues showed
a significant increase in phytase activity in the present of Ca2+ (Tang et al., 2010). This may
agree with our results since our results also showed that phytase activity was increased in the
present Ca2+ four L. reuteri strains out of the six tested strains. Phytase was also enhanced in the
present of Mg2+ and Mn2+ for most strains. Mg2+ and Mn2+ are essential growth factors for
Lactobacillus and they were found to enhance numerous enzymes including phosphatases such
as acid phosphatase and phytase at least through promoting the growth (Boyaval, 1989; Kinnett
& Wilcox, 1982; Macedo et al., 2002; Wegkamp et al., 2010)
In general, phytase activity was enhanced by the addition of metal ions. However,
phytase in L. reuteri was found low compared to other tested enzymes even with the
enhancement effect of metal ions. Palacios and others (2005) showed that Lactobacillus strains
had higher activity against p-nitrophenyl phosphate than phytate. Other studies have also shown
that the phytase activity of Lactobacillus is generally low compared to other bacterial genera (De
Angelis et al., 2003; Palacios et al., 2005). In addition, phytase do not seem to be common in
Lactobacillus strains. The phytate-degrading activity of Lactobacillus seems to be due to a nonspecific acid phosphatase, which shows high hydrolysis rates with monophosphorylated
compounds (De Angelis et al., 2003; Palacios et al., 2005). Both acid phosphatase and phytase
are particular subgroups of phosphatases but phytase has preference for phytate. The specificity
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of both acid phosphatase and phytase can partly overlap since acid phosphatase has also phytase
activity (Simon & Igbasan, 2002).
Metal ions have significant effect on the phosphatases activities of L. reuteri. It is well
established that Mg2+ is essential for a vast number of enzymatic reactions (Wegkamp et al.,
2010). It has been reported that at least trace amounts of manganese (Mn2+) is essential for the
growth and metabolic activities of most microorganisms including LAB (Silver & Jasper, 1977).
Mn2+ has biological effects on the structure and activation of numerous enzymes such as
glutamine synthetase (Ginsburg & Stadtman, 1973), RNA polymerase (Stetter, 1977), lactate
dehydrogenase (Fitzpatrick et al., 2001) and phosphatases (Kinnett & Wilcox, 1982). The
enzymatic functions of Mn2+ are well reported and documented. Mn2+ is involved in some
Lactate dehydrogenase, RNA polymerase, malolactic enzyme, xylose isomerase,
manganicatalase, manganisuperoxide dismutase, and NADH oxidase activities (Boyaval, 1989).
K + is a cofactor of many enzymes, and a high cytoplasmic K+ level is required for protein
synthesis (Boyaval, 1989). Mn2+ and Mg2+ are essential growth factors for lactobacilli, and
they promoted EPS production at least through enhanced growth (Macedo et al., 2002).
7.5 Conclusion
The enhancement effect of metal ions on the enzymatic activity of L. reuteri is strain
specific. Enzymes produced by L. reuteri will repose differently in the present of different ions.
In general metal ions could enhance the enzymatic activity of L. reuteri. However, to obtain the
highest activity of a specific enzyme it is required to choose the right combination of metal ion
and strain. Highest activity of α-glucosidase, β-glucosidase, acid phosphatase, and phytase was
obtain from combinations of L. reuteri MF14C and Mg2+, L. reuteri DSM20016 and K+, L.
reuteri DSM20016 and Na2+, and L. reuteri DSM20016 and Ca2+ respectively. The overall
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enhancement effect of metal ions was in following order Mg2+ > Mn2+ > Ca2+ > Na2+ > K+= Fe2+.
Thus, adding Mn2+ and Mg2+ is recommended to enhance the overall enzymatic activity of L.
reuteri. Mn2+ and Mg2+ were also reported in a previous study to enhance α- and β-galactosidase
activity of L. reuteri (Ibrahim et al., 2010). K+ and Fe2+ at the tested concentration fallen between
slight enhancement and reduction effect on the enzymatic activity of L. reuteri. More work is
required to determine the optimum concentration or possible combination of metal ions in order
to reach the highest enzymatic activity of L. reuteri. In control, the highest activity of αglucosidase, β-glucosidase, acid phosphatase, and phytase was obtain from L. reuteri
DSM20016, L. reuteri MM2-3, L. reuteri CF2-7F, and L. reuteri DSM20016 respectively. Thus,
L. reuteri DSM20016 need to be given more attention showing high enzymatic activity for all
tested enzymes and showed better response to metal ions compare to other strains. L. reuteri is
among the commonly used probiotic species of lactobacilli, in this study we reported the effect
of metal ions on the four enzymes. More work is required to evaluate the effect of metal ions on
other enzymes or other probiotic characteristics of L. reuteri.
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Appendix A
Sweet Potatoes Extract Analysis for One Liter

Component

Amount

Unit

Water

92.28

Percent

Protein

0.53±0.04

Percent

Total sugars

3.84±0.13

Percent

Fructose

0.29±0.03

Percent

Glucose

0.41±0.06

Percent

Lactose

Not detected

Percent

Maltose

2.08±0.09

Percent

Sucrose

1.12±0.05g

Percent

<3

Percent

Calcium

62.1±3.9

mg

Iron

1.35±0.11

mg

Magnesium

25±3.11

mg

Phosphorus

167±8.71

mg

Potassium

337.9±11.1

mg

Manganese

Not detected

mg

0.6±0.2

mg

Zinc

Not detected

mg

Sodium

Not detected

mg

Starch

Selenium, Se

Appendix B
Profiles of the pH Values for MRS, SPM1, SPM2, and SPM3 Due to the Growth of LAB Strains

Incubation time (h)
12

24

48

pH values
Lactobacilli strains

MRS

SPM1

SPM2

SPM3

MRS

SPM1

SPM2

SPM3

MRS

SPM1

SPM2

SPM3

L. plantarum 299v

5.91
±0.18a

6.13
±0.23a

5.86
±0.22a

5.79
±0.19a

4.13
±0.16b

4.85
±0.18a

4.36
±0.13ab

4.38
±0.21ab

3.73
±0.06b

4.50
±0.14a

4.21
±0.09ab

4.15
±0.29ab

L. acidophilus EF7

6.14
±0.15a

6.03
±0.34a

5.96
±0.23a

5.94
±0.20a

4.18
±0.18b

4.77
±0.14a

4.44
±0.12ab

4.42
±0.18ab

3.73
±0.06b

4.62
±0.22a

4.31
±0.17ab

4.24
±0.16ab

L. acidophilus SD16

6.02
±0.21a

5.97
±0.22a

5.84
±0.16a

5.90
±0.18a

3.97
±0.21b

4.77
±0.22a

4.28
±0.15ab

4.34
±0.12ab

3.72
±0.08b

4.56
±0.23a

4.20
±0.22ab

4.21
±0.11ab

L. delbrueckii subsp.
bulgaricus SD33

5.81
±0.17a

6.05
±0.09a

5.89
±0.15a

5.84
±0.27a

4.12
±0.18bc

4.93
±0.18a

4.42
±0.11b

4.41
±0.20b

3.91
±0.21ab

4.50
±0.29a

4.26
±0.08 a

4.27
±0.07a

L. delbrueckii subsp.
bulgaricus SR35

5.94
±0.21a

6.11
±0.28a

5.88
±0.15a

5.96
±0.15a

4.09
±0.29b

4.72
±0.31a

4.45
±0.15ab

4.36
±0.08ab

3.87
±0.15b

4.43
±0.31a

4.28
±0.10 a

4.29
±0.11a

L. rhamnosus GG B101

6.01
±0.23a

6.13
±0.18a

5.91
±0.24a

5.83
±0.27a

4.05
±0.15b

4.77
±0.33a

4.49
±0.16ab

4.54
±0.07ab

3.67
±0.01b

4.38
±0.33a

4.44
±0.22 a

4.42
±0.12a

L. rhamnosus GG B103

5.98
±0.18a

6.13
±0.15a

5.92
±0.12a

5.83
±013.a

4.02
±0.19b

4.78
±0.33a

4.52
±0.11ab

4.55
±0.06a

3.66
±0.01b

4.35
±0.28a

4.43
±0.20 a

4.47
±0.09a

L. reuteri CF2-2F

6.06
±0.22a

6.13
±0.19a

5.88
±0.14a

5.92
±0.33a

4.04
±0.08b

4.81
±0.27a

4.48
±0.16ab

4.45
±0.17ab

3.69
±0.01b

4.34
±0.36a

4.34
±0.07 a

4.29
±0.09a

L. reuteri SD2112

6.13
±0.08a

6.13
±0.13a

5.82
±0.12a

5.92
±0.21a

4.02
±0.13b

4.67
±0.34a

4.53
±0.08ab

4.45
±0.16ab

3.68
±0.02b

4.38
±0.29a

4.28
±0.10 a

4.29
±0.07a

L. reuteri DSM20016

6.00
±0.15a

6.11
±0.26a

5.87
±0.17a

5.84
±0.12a

3.96
±0.25b

4.77
±0.29a

4.54
±0.08a

4.53
±0.11a

3.69
±0.02b

4.42
±0.23a

4.41
±0.17 a

4.36
±0.08a

a

Values with different lower case letters in the same row at the same time are significantly (p < 0.05) different.
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Appendix C
Profiles of Titratable Acidity Values of MRS, SPM1, SPM2, and SPM3

Incubation time (h)
12

24

48

Titratable acidity (%)
Lactobacillus strains

MRS

SPM1

SPM2

SPM3

MRS

SPM1

SPM2

SPM3

MRS

SPM1

SPM2

SPM3

0.35
±0.03a
0.31
±0.04a
0.35
±0.07a
0.34
±0.10a
0.47
±0.06a

0.25
±0.09b
0.28
±0.06a
0.31
±0.10a
0.27
±0.07a
0.35
±0.08a

0.42
±0.09a
0.39
±0.22a
0.34
±0.11a
0.32
±0.09a
0.41
±0.23a

0.37
±0.06a
0.41
±0.20a
0.32
±0.07a
0.36
±0.05a
0.43
±0.10a

1.41
±0.35a
1.26
±0.24a
1.27
±0.31a
1.35
±0.08a
1.34
±0.08a

0.83
±0.07 b
0.77
±0.10 b
0.76
±0.15 b
0.72
±0.10 b
0.77
±0.04 b

1.24
±0.31ab
1.17
±0.15a
1.19
±0.48a
1.17
±0.07ab
1.19
±0.10ab

1.20
±0.16ab
1.19
±0.09a
1.23
±0.49a
1.22
±0.13ab
1.23
±0.11ab

1.59
±0.03a
1.53
±0.10a
1.58
±0.08a
1.49
±0.11a
1.54
±0.11a

0.96
±0.10b
0.86
±0.03b
0.85
±0.10b
0.87
±0.11b
0.88
±0.09c

1.46
±0.12a
1.41
±0.09a
1.46
±0.15a
1.33
±0.12ab
1.32
±0.08b

1.48
±0.03a
1.43
±0.18a
1.44
±0.14a
1.35
±0.18ab
1.34
±0.11b

L. rhamnosus GG B101

0.30
±0.09a

0.28
±0.10a

0.31
±0.25a

0.34
±0.10a

1.32
±0.27a

0.85
±0.25 b

1.22
±0.21ab

1.21
±0.22ab

1.60
±0.07a

0.90
±0.13c

1.29
±0.04b

1.35
±0.12b

L. rhamnosus GG B103

0.29
±0.08a

0.25
±0.05a

0.39
±0.08a

0.34
±0.09a

1.32
±0.05a

0.88
±0.13 c

1.06
±0.08b

1.11
±0.09ab

1.63
±0.06a

0.91
±0.07c

1.19
±0.06b

1.26
±0.13b

L. reuteri CF2-2F

0.39
±0.07a

0.31
±0.04a

0.42
±0.05a

0.44
±0.08a

1.35
±0.08a

0.85
±0.09 b

1.09
±0.15ab

1.32
±0.18a

1.54
±0.11a

0.88
±0.07c

1.29
±0.12b

1.41
±0.06b

0.33
±0.09b
0.47
±0.11a

0.33
±0.11b
0.33
±0.14a

0.41
±0.21a
0.39
±0.22a

0.39
±0.09a
0.42
±0.23a

1.32
±0.32a
1.37
±0.41a

0.79
±0.25 b
0.82
±0.26 c

1.21
±0.23ab
1.23
±0.20b

1.18
±0.37ab
1.24
±0.32b

1.58
±0.04a
1.61
±0.06a

0.94
±0.14c
0.94
±0.11c

1.32
±0.08b
1.19
±0.05b

1.39
±0.10ab
1.21
±0.07ab

L. plantarum 299v
L. acidophilus EF7
L. acidophilus SD16
L. delbrueckii subsp. bulgaricus
SD33
L. delbrueckii subsp. bulgaricus
SR35

L. reuteri SD2112
L. reuteri DSM20016
a

Values with different lower case letters in the same row with the same time are significantly (p < 0.05) different.
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